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SUMMARY 
The excimer formation process of aromatic hydrocarbons has been the 
subject of theoretical consideration over the past decade. Such studies 
have attempted to identify the origins for the stabilizing forces for 
these chemical species. One of the most interesting systems is anthracene 
since it photodimerizes to dianthracene and possesses several well charac-
terized dimers and excimers thought to be intermediates in the formation 
of dianthracene . 
Explanations for the stabilizing forces of aromatic excimers have 
developed along two tracks. One approach attributes the stabilizaticn 
of the various states in the sandwich dimer to a coupling of exciton and 
charge resonance configurations by intermolecular overlap effects. This 
method discussed in Chapter Two predicts the 1B2 + 
1A state as the source 
u g 
of the spectral bands of the dimer if the s e paration between the t,.v o 
anthracene molecules comprising the dimer is approximately 3.0 Rand if 
transition energies are scaled by a term depending on observed and calcu-
lated transition moments . 
The second approach involves use of a supermolecule model and is 
presented in Chapter Three. The excimer is considered as a singly 
entity rather than two strongly interacting species. Within the frame-
work of the Pariser, Parr, Pople method transition energies for the 
anthracene sandwich dimer and the extent of the intermolecular resonance 
are determined. This method leads to two possible e x plana tions for the 
origin of the spectral features . One can either fit the band with a dipole 
allowed 
1
B3u+ 
1
Ag transition or a dipole forbidden 1B1g+ 
1Ag transition. 
Since experimental polarization measurements are not conclusive, neither 
of these two alternatives ca n at this time b e verifi e d. 
If the excimer is an intermediate in formation of dianthracene as 
has been suggested, for small intermolecular se parat ions it must lose its 
• 
vi 
identity since repulsive forces will distort the sandwich geometry. 
The effects of slight angular distortions are discussed in Chapte r Four 
as either stabilizing or destabilizing the various states of the 
sandwich dimer . Taking in the broader context of Chapter Four the author 
believes the superrnolecule approach is preferable . 
1 
CHAPTE R ONE 
1 . 1 I n t rod u ct i o n 
A recent approach to the understanding of the effects of intermolecular 
interactions in molecular crystals has been through experimental and 
theoretical considerations of aromatic dimers . These systems provide a 
simple basis for understanding the successive stages of solid state photo-
chemical dimerization . With several aromatic dimers behavior along a 
reaction coordinate that involves formation of sandwich dimers over a range 
of monomer separations , excimer formation , and finally formation of 
chemically stable dimers may be systematically investigated . 
It has been observed in numerous cases that pairs of planar aromatic 
molecules, constrained to parallel planar geometries , show spectral 
alterations which are attributed to the interactions of their pi-electron 
densities. •• 1 Forster and Kasper reported a broad structureless band in the 
fluorescence spectru~ of pyrene with no corresponding feature in the 
absorption spectrum. This band was attributed to the coupling 0f two 
molecules , one in the ground state and the other in an excited elecTronic 
state, to form a stable species referred to as an excimer . This name 
differentiates such an pair from a photodimer which is stable in its ground 
state . Since the pyrene results were reported similar phenomena , assigned 
as singlet excimer fluorescences , have been observed in a large range of 
aromatic molecules and paracyclophanes . Subsequently Ferguson et al 2 - 4 
observed in the anthracene spectrum and those of several substi uted 
anthracenes features attributed to several dimers including one with a 
sandwich structure thought to be the precursor of the excimer state . 
Theoretical studies were doe on these systems in an attempt to explain 
the oriein of ~re excimer stabilization ener~; . The use of a po i t ~ultipcle 
ex ansion of the electrostatic pote tial ~o calculate the interaction 
between an excited and a ground state monomer becomes less and less satis-
') 
'-
factory as the monomer separation decreases . For sandwich dimers the 
dipole-dipole approximation of the multipole expansion breaks down at 
separations less than about 3 . 5 A because the overlap of electron clouds 
becomes significant . Thus in the region of separation of greatest chemical 
interest it is necessary to formulate the interaction between electrons 
explicitly. At such small separations intermolecular orbital overlap 
becomes quite significant . Two fundamentally differe~t methods have been 
used to explain the electronic spectra of aromatic dimers and excimers. One 
method treats the electronic structure of an excimer as originating from a 
configurational mixing of neutral exciton and charge transfer states of the 
. . s- 7 h separate molecules and is formulated in terms of exciton theory . Te 
other method based on a LCAO-~O treatment of pi electrons views the dimer 
as one " supermoleculc" 8 ' 9 • Previous theoretical studies using both methods 
are discussed in some detail in section 1 . 3 which follows a survey in 
section 1.2 of the experimental results for anthracene dimers . 
Many of the earlier studies have been defici2~t in potentially 
important aspects , such as , in neglecting the possible significance of the 
"hidden" excited state of anthracene . There is a need on this account, and 
also in the light of advancing experimental knowledge , to do further 
theoretical work . 
This work will extend exciton and molecular orbital treatments for the 
anthracene excimer by including additional states and interaction terms . 
The states of the excimer are traced from infinite separation to approx-
imately 2 . 5 A , which is the region where the pi electron cloud overlap of 
the two units could result in partial bonding . Both semi -empirical 
3 
molecular orbital calculations and an excitation resonance model are used to 
predict the excitation energy of the excimer . The results of these methods 
are discussed and compared in Chapters 2 and 3 . The anthracene excimer is 
thought to be an intermediate in the dimerization process that leads to 
formation of dianthracene . Dianthracene consists of two anthracene units 
chemically bonded at the 9 and 10 positions (see Figure 1 . 1) with each 
unit bent outward about axes through positions 9 and 10 such that pi 
electron delocalization is restricted to four separate but interacting 
benzene units . The stabilization energy of the excimer can be viewed as 
originating from the bending of the monomer units and/or from the 
rehybridization of the orbitals of carbon atoms 9 and 10 . 
8 9 l 
7 2 
6 3 
5 10 4 
Figure 1. 1 
Numbering of anthracene 
In Chapter 4 , the change in stabilization energy as a function of nonplan-
arity is investigated using the Pariser , Parr , Pople method . Since only pi 
electron calculations are considered in this work , the effects of 
rehybridization could not be investigated at this time . 
1.2 Spectra and structures of anthracene di mers 
The untraviolet spectrum of anthracene at wavelengths above 2000 -1 cm 
h . . f . l l 10 - 12 d b , . . l is c aracteristic o planar aromatic mo ecu es an can e qua~itative y 
explained using pi electron molecular orbital theory . For an alternate 
hydrocarbon there occurs a pairing of bonding and antibonding ,olecular 
4 
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Figure 1.2 
Molecular orbital scheme 
orbitals as shown in Figure 1 . 2 where ¢ri is the highest filled bonding 
orbital and ¢n+l the lowest unfilled antibonding orbital. The lowest 
energy transition (¢n-+ ¢n+1) in these molecules generally have moderate 
intensity (log E = 4) , short axis polarization, and a vibrational 
structure characterized by regular progressions of a few totally symmetric 
vibrational modes . The degeneracy of the second transition ( </),i _ 1 -+ ¢n + 1 
and ¢n-+ ¢n+2 ) is removed by first-order configuration interaction result-
ing in excited states with wavefunctions r epresented schematically as 
follows: 
Since the transitions moments nearly cancel for the band associated with 
excitation from the ground state , ~o , to the ~ excited state , these 
bands have typically weak intensity (log E = 2-3) largely induced by 
vibrational-electronic coupling . These bands , which are long axis polarized, 
usually have complicated vibrational structures with vibronically induced 
components appearing with intensities comparable to the totally symmetric 
progressions. Band associated with the ~o -+ ~ transitions have strong 
+ 
intensity (log E = ~-6) due to reinforcemen of transi ion .oments . 
Although these bands are also log axis polarised most of their intensity 
occurs in the pure electronic com anent . The naphthalene spectrum shown in 
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3200 
Absorption spectra of anthracene and naphthalene . (Ref . 10) 
Figure 1 . 3 illustrates all three bands while for anthracene the weak band is 
not observed since it occurs in the same region as the stronger ~ ~ ¢n+l 
band . 
These tree bands characteristic of polyacene spectra have been 
classified by three schemes ; two are those proposed 1 3 l 4 y Clar and Platt 
I 
: 
6 
and the third is•the systematic group theoretical notation . The correspon-
dences· betwe n notations are as follows : 
Band Clar Platt Group Theory 
¢n -+ ¢n+ 1 p 1 La 1 A1g -+ 1 B2u 
wo -+ ljJ Cl 1 Lb 1 A1g -+ 1 B3u 
1J;o -+ ljJ + s 1 Bb 1 A 1g -+ 1 B3u 
Although in this work only the group theory notation will be used , the 
correlations with Clar and Platt notation are given since they have been 
used extensively in the literature . ( For a discussion of these notations 
see pages 92-96 of reference 10 . ) The group theoretical notation indicates 
how the wavefunctions for each excited state transform under the symmetry 
operations of the appropriate molecular point group D2h • The superscripts 
specify whether the state is a singlet or triplet . 
The electronic bands of anthracene as shown in Figure 1 . 3 are well 
established1 5 , 16 as the short axis polarized lA -+ iB lg 2U transition near 
3800 A with regular vibronic structure and the strong long· axis polarized 
1A1g-+ 1B 3u transition near 2600 'A • Modifications in the anthracene 
fl uorescence and absorption spectra have been observed by Chandross et 
at . 2 , 17 and Ferguson et at . 3 , 4 under experimental conditions favorable to 
dimer formation . In fact , features attributed to three distinct dimers are 
observed . The conditions required to form these species along with the 
spectral evidence for their existence and structures are presented below 
with emphasis on the sandwich dimer whose energy levels form the subject of 
a major portion of this work . 
A cleaved dimer consisting of two superimposed planar anthracene 
molecules , referred to as the sandwich dimer, can be prepared by irradiation 
with 2537 r light of a sample of dianthracene constrained in a rigid glass 
of methylcyclohexane . The fluorescence and absorption spectra as observed 
by Chandross et at~ 2 are shown in Figures 1 . 4 and 1 . 5 . If samples 
--
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(top) and 1 1 A1g -+ B3u (bottom) 
transitions for anthracene monomer (dashed) and anthracene sandwich dimer 
(solid) at 77°K in methylcyclohexane. (Ref. 32.) 
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1 1 Fluorescence spectra for A1g + B2u 
anthracene sandwich dimer (solid) at 
transition of anthracene (dashed) and 
77° K in methylcyclohexane . ( Ref . 32.) 
containing the sandwich dimer are warmed to room temperature and refrozen 
only the monomer spectrum is observed showing the instability of this dimer 
to diffusion. Irradiation of the dimer at 20°K or 77°K with 3650 A 
radiation causes its reconversion to dianthracene hus confirming that the 
anthracene mo1ecules in the dimer are held close to each other at low 
temperatures by the rigid solvent cage . 
The broad structureless form of the l B t 2u -+ A1g band shown in Figure 
8 
1 . 5 is typical of excimer fluorescence and strongly supports the sandwich 
configuration necessary to produce excimer emission . 18 - 21 Evidence for the 
sandwich configuration has been further augmented by recent studies of 
Hochstrasser and Wessel22 in which this emission was time resolved using 
picosecond excitation pulses and an ultrafast spectrograph . The integrated 
emission obtained during the first 30 picoseconds after the excitation pulse 
closely resembles the mirror image of the sandwich dimer absorption as shown 
in Figure 1.6 . Hochstrasser and Wessel thus attribute this early , 
structured, shorter wavelength emission to the unrelaxed sandwich dimer. As 
shown in Figure 1.6 after 2 nanoseconds the emission is indistinguishable 
from that obtained under CW excitation with its frequency maximum shifted 
from close to the 0-0 absorption band to near 4500 A , indicating a 
significant configurational modification from the form responsible for the 
initial emission . The 4000 A emission decays and the 4500 A . . emission 
builds up with time constants in the 50-100 picosecond range . This 
frequency shift and the observed time constants are consistent with a 
picture of an initially unrelaxed sandwich dimer contracting in its inter-
molecular separation to form the excimer . 
The absorption spectrum for the transition shown in 
Figure 1 . 4 shows a. prominent 1400 cmr 1 progression with Franck Condon 
2 , 32 
maximum at the second peak . Chandross et al. have reproduced reasonably 
well the intensity distribution of this band using the vibronic coupling 
model of Fulton and Gouterman . 23 The frequency shifts between monomer and 
dimer absorption features can be attributed to the relative 
magnitudes of the intermolecular resonance energy , of the dimer, € , 
and the change in dispersion energy, y, for two anthracene molecules in a 
dimer relative to that between an anthracene molecule and a solvent 
molecule . This term y will also be assumed to include t he change in 
static interaction energy between two molecules when one is electronically 
excited . The influence of these terms on monomer and dimer levels is shown 
t=2 . 4ns 
500 0 
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Figure 1. 6 
4000 
Ti me resolved spontaneous emiss i on spectra of the anthracene sandwich dimer 
in met hylcyc lohexane at 77°K . Excitat i on a t 3472 A was by pulses of 
about 20 picoseconds duration . (Re f . 22 ) . 
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Schematic r epresentat i on of influences of change in dispersion energy , Y , 
and resonance interaction on excimer levels . Arrows represent phases of 
e lect r onic oscillations for each monomer unit . 
schematically in Figure 1 . 7 . Since dispersion interactions involving the 
. 2 4 lowest excited states of aromatic molecules shift spectra to lower energy , 
the dimer spectrum is expected to be sh i fted more to lower energy than the 
monomer spectrum . In rigure 1 . 7 this i s represented by a lowering of the 
10 
energy of the dimer excited state relative to the monomer . For two 
parallel aromatic molecules in a sandwich conf~guration the two in-plane 
short axis transition moments may be in-phase or out-of- phase with each 
other as represented in Figure 1 . 7 . The splitting of such states ( Davydov 
splitting ) is twice the intermole cular resonance energy, s , with the in-
phase state shifted to higher energy and the out-of-phase state to lower 
energy . Transitions are allowed only to the in-phase higher energy state 
since the transition moments for the out-of-phase state exactly cancel. 
Ferguson et al . 3 estimate the resonance energy of the anthracene sandwich 
dimer to be -1 300-400 cm from consideraticn of the intensity distribution 
in the vibronic contour . This implies a change in dispersion energy, y, 
for the anthracene dimer relative to the monomer in methylcyclohexane 
glasses of 400-500 cm- 1 to give the overall small red shift shown in 
Figure 1 . 4 . This band in sandwich dimers of anthracene and symmetrically 
substi"'tuted anthracenes shows hypochromism which in anthracene corresponds 
to a 13% reduction in intensity from that of the monomer. The observed 
hypochromism is predicted for the sandwich configuriation if configuration 
mixing with the nearest state at -1 44000 cm 
Although the absorption spectrum of the 
is considered. 
transition of the 
sandwich dimer shown in Figure 1 . 4 consists of a blue shifted featureless 
band (s >> y) , later studied by Ferguson et al . 3 showed weak absorption at 
energies lower than the monomer 0-0 frequency. This weak absorption may 
be attributed to intensity stealing by the forbidden component allowed by 
the Fulton-Gouterman theory for cases of intermediate coupling (resonance 
splitting - 1700 cm- 1 ) or may be caused by a fraction of the dimers having 
been partially dissociated due to local heating during photolytic dimer 
formation . The possible existence of a variet'; of partially dissociated 
dimers .ay also account for the broad character of this band . 
A stable dimer of anthracene may be produced by controlled warming from 
77°K to temperatures above 113°K of a 3 : 1 isopentane methylcyclohexane 
11 
glass containing 5x10-s M anthracene . Absorption and fluorescence s pectra 
for the stable dimer as obtained by Chandross et al . 2 are shown h1 Figure 
1 . 8. The well defined isosbestic points in the absorption spectrum are 
evidence for a two component system. Fluorescence from this dimer with 
definite vibronic structure is characteristic of an excited dimer rather 
than an excimer . A polarized photo-fluorescence excitation spectrum obtain-
ed by Ferguson et al . 3 showed two dimer components and allowed an estimate 
for the intermolecular resonance splitting of 700 -1 cm To obtain the 
overall red shift observed a 1200 cm- 1 change in dispersion energy is 
required . Observation of two dimer components in the photo-excitation 
spectrum and the blue and red shifted components of the absorption indicate 
t he short axes of the monomer units are not parallel . The lower energy 
component in the photo-excitation spectrum has the same polarization as the 
fluorescence and must thus be the in-phase component . From relative 
intensity measurements for the two components the angle between t he two 
short molecular axes is estimated to be 60±15° • The hyperchromism of the 
dimer spectrum corresponding to a 10% increase in intensity was shown to be 
consistent with a sandwich form and configuration inter·action between the 
two lowest 1 B 2u states . Since all intensity in the 
transition shown in Figure 1 . 9 is blue shifted from the monomer, one 
concludes that the long molecular axes are parallel while the magnitude 
of the blue shift indicates a resonance splitting of about 10000 cm- 1 • 
The recent study by Ferguson et al . 3 indicated the existence of yet 
another anthracene dimer . Transitions in the exciton fluores cence spectrum 
produced by warming glasses containing the sandwich dimer of 9-chloroanthra-
cene are shown in Figure 1 . 10 . These spectra are stated to be typical for 
all anthracene dimers . The normal excimer emission with 200 nanos econd 
lifetime is first r epl aced by a se cond exci rne r type emi ss i on wi th 100 
nanosecond lifetime and a higher Frank Condon maximum. On further warmi ng 
a broad structured emission with 6 nanosecond lifetime appears . Although 
12 
0 .2 
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The lower part of the figure shows a series of absorption spectra of anthra-
f h 1A 1B . . . . h cene or t e 1g ~ 2u transition in 3:1 isopentane-methylcyclo exa.ne . 
The full line gives the monomer spectrum at 77° K . The broken curves give 
the spectra of the same glass at 77° K after softening to various 
temperatures greater than 77° K. The curves show well-defined isosbestic 
points and the estimated dimer spectrum is given in the top part of the 
figure. 
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Figure 1.8 (Ref. 2) 
no explanation for the second excimer emission has been proposed, the 
structured emission is believed to be due to an excited dimer formed with 
monomer units sufficiently separated to prohibit excimer formation . This 
excited dimer as in the Hochstrasser-Wessel experiment 22 may represent an 
intermediate between the sandwich dimer and excimer . 
13 
!10 .t. 0 40 
1/Vi/ 
~ 2 ·0 - -.i..---..,,,C:,,~----------__.::.,-----
·~ 
I ' 
"'O 
~ 
.~ 
0.. 
0 1· 0 
I 
-------:----:~ ~(z;, I 
--~ I 
0 ._ __ __._, -----'''----1-Bz_u__.i - - - - - ,- - - - - - - , - - - - - - ~ - - - j 
200 210 220 230 240 2 50 
Wavclcni;lh (nm) 
Figure 1.9 (Ref. 4) 
Series of absorption spectra showing the build-up of the dimer spectrum of 
anthracene in the region of the second excited electronic state . A third 
state ( 1 B2u ) is also shown . The increase of absorption intensity due to 
the formation of the dimer is shown at the top left hand side. 
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Figure 1.10 (Ref . 3) 
(b) 
(c) 
(d) 
Emission spectra and corresponding excitation spectra (for the positions 
indicated by the arrows) of the sandwich dimer of 9-chloroanthracene (a), 
two stages of softening of the glass (b~ c), and the monomer (d) . The line 
at the top left-hand corner shows the distribution of photon flux . 
14 
1 .3 Theories of anthracene dimer transitions 
The original analysis of the spectra for pyrene dimers by Forster25 , 26 
using exciton formalism suggested that fluorescence could only occur if the 
state was sufficiently close to the 
splitting, one of the components of the 
state such that, upon 
state would lie below the 
states . Since 9-methyl anthracene and perylene show excimer fluorescence 
states below states this requirement is unnecessary . 
Furthermore the inadequacy of exciton theory to explain dimer spectra was 
shown by McGlynn and Azumi 27 since it requires unreasonably small inter-
molecular separations to reproduce the energy level splittings. 1 8 Ferguson 
suggested an alternative explanation for the emission spectrum of pyrene 
based on charge transfer structures . Later work showed that neither method 
alone could adequately explain the spectra and a theory was proposed that 
coupled the two previous approaches by a configurational mixing of charge 
transfer and exciton states . The assumptions and conclusions of the 
principal studies , which all consider dimers with the D2h sandwich 
geometry, are summarized below . 
Murrell and Tanaka5 developed a theory for the electronic spectra of 
aromatic hydrocarbon dimers with a configurational mixing of neutral exciton 
and charge resonance states as the source of the stabilization energy that 
is observed for excited excimer states . Their calculations considered 
symmetric dimers formed by naphthalene, anthracene, perylene, and pyrene , but 
the following discussion is restricted to the anthracene results . This 
theory considers the change in excited state energies relative to the ground 
state energy as two free molecules approach each other in a sandwich type 
configuration with D2h symmetry . (See Figure 1.11.) 
For treatment of the transition ·lurrell and Tanaka r educed 
the calculation t o a four ele ct r on prob l em considering only t e ighest occupied 
orbital on each monomer , ¢1 and 81 , and the lowest unoccupied orbital on 
on each monomer ¢2 and 82 • They justify this restriction to four 
........ 
16 
orbitals by the assertion that other transitions, because of their low 
oscillator strengths or large energy separations~ would not significantly 
perturb the states considered . The important excited states arising from 
excitation to the ¢2 and 82 orbitals are neutral exciton states (E) and 
charge reson ance states (R) . These E and R states are further 
classified as g or u indicating their symmetries with respect to 
inversion . With the usual nomenclature for Slater determinants the 
symmetric singlet states are written as follows : 
GRD = G = 1¢1¢181811 
1Eg = ~{ ( I¢ 1 ¢2 81 81 1-1 ¢1¢28181 I ) + ( I ¢ 1 ¢ 1 81 82 I - I¢ 1 ¢18182 I ) } 
1Rg - ~{(l¢1828181l-lf1828181l)+(l¢1¢181 ¢2l -l¢1 ¢ 181¢2I)} . 
l.la 
l . lb 
l . lc 
Antisymmetric u states differ only in the signs of the last two terms . 
Triplet states may be written in a similar manner. 
In the zero overlap approximation the excitation energies of the E 
and R states are independent of each other since interactions between the 
two occur as the first and third powers of the overlap . In this case the 
splitting of neutral exciton states may be approximated by a multipole 
expansion which with only the dipole-dipole t erms retained has the form: 
M··M· 3(M· · R)(M· ·R) A=: 1_ 1 1 1 . 2 
R3 Rs 
where M· 
' 
and M_,- are the dipole moments associated with transition charge 
densities Pi and Pj on monomers A and B respectively, and R is 
vector separation between dipole centers . Since TI 7 TI* transitions are 
polarized in the molecular plane , M•R is equal to zero and the interaction 
energy is given by 
Since the dipole moment , M , is related to the experimental oscillator 
strength by equation 4 , 
the interaction energy is obtained by combining eauations 3 and 4 as 
1.3 
1 .4 
r. 
17 
follows : 
A -- f 
• 1 . 5 
The results of this interaction is a stabilization of the state and 
equal destabilization of the state as shown in Figure 1 . 12 . 
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Figure 1.12 
Relationship between the monomer and excimer orbitals . 
When the intermolecular separation between monomers is small compared 
to the monomer dimensions the dipole-dipole approximation breaks down , 
Murrell and Tanaka thus also estimated the interaction energy between 
and states using a point charge model with the interaction of tran-
sition densities taken as the sum of interaction energies of each center on 
one monomer with each center on the other. Since it is well established 
that oscillator strengths obtained from semi-empirical olecular orbital 
theories differ considerably from experimental values , urrell a~d Tanaka 
chose to scale the interaction energies obtained from molecular orbital 
calculations by the factor M2 (obs)/M2 (calc) . 
The interaction energies for anthracene dimer obtained by these two 
methods are shown in Table 1.1 with v = 26730 cm- 1 , f = 0 . 11 , and 
M2 (obs)/M2 (calc) = 0 . 202 . Although the uncertainties in the point charge 
r esults are unknown , the dipole-dipole results certainly overestimate t he 
interaction energies . 
In the zero overlap appro·imation the energies of the charge resonance 
, . 
18 
. 
' 
R A(d-d) A(p.c.) 
4. 2A. 0 . 066 0 . 042 
3 . 5 0 . 114 0 . 061 
2.8 0 . 223 0 . 102 
Tab le 1. 1 
states are given by : 
E = I - A - C 1.6 
where I is the ionization potential, A the electron affinity, and C 
the electrostatic attraction of the positive and negative charges. Murrell 
and Tanaka using three different methods calculated an average value for 
I - A for anthracene of 6 .82 ev. If the interaction energy of the 
charges is determined using the point charge model,the energies of the 
charge resonance states as a function of monomer separation are given in 
Table 1. 2. 
R 
4 . 2A. 
3.5 
2 . 8 
Energy of the R state (ev) 
4 .09 
3.80 
3 . 31 
Tab le 1. 2 
Thus in the zero overlap approximation only the energies of singlet E and 
R states vary as a function of distance and only the 1E state degeneracy 
is split as shown in Figure 1 . 13 . 
Intermolecular overlap is included as a perturbing term whose 
attractive or repulsive pro erties can significantly stabilize or 
destabilize the excimer states . On account of the orthogonality of the 
molecular orbitals , the overlap is given as : 
S1 = J ¢ 181 dT ' 
S2 - J </>,</>2dT -
' 
1 . 7a 
1 . 7b 
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f cj,1</>,dT = f 8182dT = 0 , 
f cj,182dT = f 81cj,2dT = O • 
1 .7 c 
1 .7 d 
The overlap matrix was calculated to order 5 2 for the various states. 
The l G ' l Eu ' l ~ ' 3 Eu ' and 3 Rg states are destabilized while the l Eg , 
1 ~ , 3 Eg , and 3 ~ states are little affected in energy . Murrell and 
Tanaka calculate the Hamiltonian matrix elements in terms of an interaction 
Hamiltonian (H ') which is defined as follows : 
where H(i, a) and 
and B Thus for 
H' = -Va 3 -
Hd. imer 
H (j, b ) 
l 
. . r .. 
-i ,J 'iJ 
= H ( i , a) + H (j , b ) + H ' l . 8 
are the intramolecular terms for centers A 
a four electron system H' . by: lS given 
Va 4 vb 1 vb 2. 1 l l _l_ + Vn 1.9 - - + --+ --+ --+ . 
r13 r14 r23 r24 
The diagonal elements of the Hamiltonian matrix to order 5 2 are shown in 
Table 1. 3. 
2 2 I 
= 45 1 1' V 1 1, + 4S 1 1 1 V 1 1 - 2S 1 1' ( 11 l ' l ' ) 
- 4511' (11111') - 2(11' I 11') - 2S'f1, Vn 
6( 1Eg ) = 6( 3 D ) - 0 -
' 
6( 3Eu) - 6( 1 G) ( 11 , I 11 ') -
' 
6( 3Eg ) = ( 11 , I 11 ') 
' 
6( 1 Rg ) = 6( 3 Rg ) = -( 11 , I 11 ') + 5~1' (1111'1') 
' 
6( 1 Ru ) = 6 ( 3 l?i, ) = /J. ( 1 G) + ( 11' I 11' ) + 3S i l / ( 11 I 1 ' 1 , ) 
' 
[ V 11 - <\JJ1IVbl81> ; V11 ' = <\JJ 1IVbl lJJ 1> and 511 ' = -5 2 2 I J -
Table 1.3 
lurrell and Tanaka exnand the Huckel molecular orbitals in terms of an 
.I.. 
atomic orbital basis set using the zero differential overlap approximation 
between atomic orbitals to simplify the integrals 
' 
........ 
21 
- I = I 
µv µ 
(¢1811¢181) =II cµ 2 cv 2 (llAllBlvAvB) . 
µ \) 
The nuclear electron attraction is approximated as 
VAB = ~ + 2(AA IAB) , 
V AA = ~ + 2 (AA I BB) , 
1.10 
1.11 
1.12 
1.13a 
1.13b 
where iP is the field of the neutral molecule and VAA rapidly goes to 
zero while V~ is constant as the separation distance increases . Terms 
expansion of the electron repulsion integrals are taken from Kotani's 
tables 28 while the point charge approximation coupled with Mulliken's 
approximation is used to evaluate the remaining multicenter terms as shown 
in equation 14: 
1,14 
A Slater exponent of s = 1 . 4 was chosen for the intermolecular integrals 
since this choice results in a better fit with the SCF 
values for the 2p0 - 2p0 overlap than does the standard value of 
s = 1 . 625 . 
If the separation of two states of the molecule is large enough, then 
second order perturbation theory can be used to evaluate the configuration 
. . 
of these two states and b mixing a . 
' 
(Ha b -Sa bHa a ) 2 
Ea ' = Haa + 1,15a HO - HO 
' aa bb 
(Hba -Sba Hbb) 2 
Eb ' = Hbb + 1 .15b HO -HO . 
bb aa 
However , if the two s t ates are close in energy the secular de terminant mus t 
be solved exactly . 
t 
f 
22 
= 0 • 1.16 
If as in the case under consideration only two states are near in energy, 
then the energy for these states has the form: 
E± = [2 - 2S 2 J- 1 {Haa+Hbb-2SHab± 
[( Haa - Hbb ) 2 ( l - 2S 2 ) +2(Hab-SHaa ) 2 +2(Hba -SHbb ) 2 JYiJ.1.17 
The energy level patterns obtained by Murrell and Tanaka including inter-
molecular overlap are shown in Figure 1 . 14 for naphthalene and anth-
racene . The dashed lines indicate the experimental energy separations from 
fluorescence spectra and show that a reasonable agreement is achieved with a 
separation of about 3 A although the calculations are very sensitive to 
the value assumed for ~ . These results offer no explanation for a 
difference in stabilites of any of these excimers, in contrast to the 
experimental results that naphthalene and pyrene show eximer fluorescence in 
solution while anthracene and perylene are unstable . 
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Relative potential energy curves after allowing for overlap effects . Only 
the g-states are included as the u-states are little affected by overlap . 
(Ref . 5) 
Azumi , et al . 6 have considered the origin of aromatic dimer 
stabilization using the same assumptions and for~alism as used by Murrell 
23 
and Tanaka5 but evaluating overlap terms to order S4 • They allow the 
Slater exponent to vary over a range of values . The LC~ method allows the 
charge distribution to be written as a sum of charge densities between atoms 
rA and t B where , as previously, A and B represent the two monomers . 
Using the zero differential overlap approximation and Mul.liken ' s approxim-
ation all the states of the system can be expressed in terms of the follow -
ing integrals: 
Coulomb type (<Pi<P1 l<P1¢1) (¢1¢118181) 
exchange type (¢1¢21¢1¢2 ) (¢1¢218182) 
core type <¢1IHCl¢1> ( ¢ 1 I He I 8 l ) • 
Slater 2pz orbitals were used for the atomic orbital basis set with the 
Slater exponent , s , Cs= ~Z ) taken as 1.59 for intramolecular 
quantities and varied over the range 0.7 to 1.59 for intermolecular 
integrals. The _ 2Pz -2Pz (aa) type overlap was evaluated by the method of 
Parr and Crawford29 where 
l S
00 
= 240 exp(-p/2)[240+120p+l2p
2
-q-p 3 -p 4 ] where p - ZR 
- 2sR , l . 18 
and R is the separation between centers . Parr 's 30 multipole expansion 
method was used to evaluate the intermolecular coulomb integrals with 
I l 2)( 28 2 4 28 48 (rArA tBtB) = R [l+(q/2R 3cos -1)+(3q /16R )(3-30cos +3 5cos )] 
q = 24/P 2 
cos8 - R/D 
' 
' R ', D 
' 
' 
' 
' 
' 
' 
1.19 
Intramolecular coulomb integrals are taken from tables of Pariser 31 with one 
center and nearest bonded neighbor interactions determined from the benzene 
spectrum. 
1, 
24 
The energy of the excimer state relative to the ground state was 
calculated by three methods with the interaction matrix element given as 
H _ ((neutral! IHI ( charge l) 
ab - excitonJ resonanceJ · 
In method A the exciton states are split by a dipole-dipole term 
and the charge resonance states are given as 
= I 
A 
A 
C 
This approach , however , proved inadequate since the symmetric exciton 
splitting is overestimated at large separations, thus leading to a 
convergence problem . 
1.20 
1.21 
1.22 
In method B, the calculated expressions in the first part of this paper 
t..,, 
are used to calculate the excimer energies and to ,i'.'nsure convergence to the 
1La monomer band at infinite separation . The energy is given by 
1.23 
where ~ is the excimer wavefunction and Eo the ground state energy. 
This scheme shows an asymmetri c splitting which is again overestimated at 
large separations and thus is also considered to be unsatisfactory. 
Method C involves a scaling of the energies by f(obs)/f(calc) as 
I \, 
suggested by Mu~ell and Tanaka 5 • This appears to be the best means of 
examining the situation since the splitting of the levels is asymmetric and 
they quickly converge to the state . The results of these three 
methods are given in Figure 1.15 for anthracene . By varying the effective 
nuclear charge and assuming that the separation was of the same order as the 
crystal separation these authors concluded that the best fit for intermole-
cular terms was Z = 3 . 18 , but a larger separation would require a smaller 
value for Z . 
In general theories using exciton formalism to consider the configura-
tional mixing of neutral exciton and charge resonance states of parent-
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Energy of anthracene excimer at Z = 3 . 18 as a function of interplaner 
distance . The vertical arrow represents the experimental excimer fluor-c. 
excence energy of 9- methylanthracene . (Ref . 6) 
age can reproduce the excimer emission only if overlap effects are 
considered . Explanation of fluorescence lifetimes require the sandwich 
configuration to be slightly distorted . Several i~consistencies emerge from 
such studi es . The excimer luminescence which is s .. ifted by about 6000 
for most aromatic dimers , is experimentally shown t o. ave parentage 
-1 
cm 
26 
although these states were not included in the calculations due to the low 
f value associated with them . At large distances of separation the 
e xcimer state converges to the 
the state for naphthalene . 
state which is at higher energy than 
The last problem is chiefly practical, but 
still worth mentioning . The numerical calculations are fairly difficult and 
require a large number of approximations and parameterizations . 
Another way to view the excimer consists of treating the two inter-
acting molecules as one chemical species through a "supermolecule" type 
calculation . This approach is consistent with the photochemical dimeriza-
tion process of anthracene where the excimer is proposed as an intermediate 
in the reaction mechanism . 
A + A hv A* + A hv - >- (AA )*+ A - A+ hv 1 .24 
Azurni and Azurni 9 developed this approach by proposing a Huckel 
ca l culation which on account of i ts simplicity could be applied to any type 
of molecule that exhibits excimer fluorescence . They adjusted the standard 
form of the secular determinant to include intramolecular (TI-TI) type 
overlap and intermolecular (a-a) type overlap . 
for intramolecular terms 
and for intermolecular terms 
I I ( Hr s - €i Sr s ) = 0 
r s 
14 s = ac\ s + Mr s S 
Sr s = 8,. s + Mr s S 
Sr s ' = S ' 8 r s 
1.25 
26a 
26b 
27a 
27b 
where 8 is the Kronecker delta and M = 1 , . .,,, s if adjacent and 0 otherwise. 
The energies of the monomer orbitals ¢i are given by 
E(¢i ) = a - ~y 28 
where ~ - -m.,· I ( l -"1j s) y - s - aS and "1i is the coefficient of p -
' 
-
' 
i n the energy expression . 
The energy of the dimer orbitals 1JJ2i - 1 and t2i are similarly 
. given 
. 
by 
27 
[(Y +S ' S)~ +(a±S ') S ' J 
1 +s ' -mi S 1.29 
This result indicates that each free molecule state is split by an amount 
proportional to the intermolecular interaction term and at infinite 
separation the two dimer orbitals converge to the parent monomer molecular 
orbital . 
If the excimer fluorescence is assumed to occur from the lowest anti-
bonding to the highest bonding dimer orbital, the nearly constant sh i ft of 
6000 
by 
-1 
cm in aromatic hydrocarbons can be explained . 
6v ~ 2(-S ') 
SI = 8 I[!) , 
This shift is given 
1,30 
l.31 
with S ' evaluated by the method of Parr and Crawford2 9 • 
Since S and S are approximately constant for a benzene type bond 
and for any given separation distance the 2p0 - 2p0 overlap is also 
constant, the shift in the excimer spectra should be approximately the same 
for any set of aromatic hydrocarbons . 
The results of this approach for naphthalene and pyrene are compared 
with the exciton theory results in Figure 1 . 16. It is surprising that in 
spite of its simplicity the excimer spectra are predicted with the same 
level of accuracy as was found for the complex theories . This could indicate 
that a possible extension of the supermolecule approach could yield more 
accurate qualitative res ults and/or that significant intermolecular terms 
have been neglected in the previous calculations owing to the basic 
assumptions that were made to simplify the calculations . 
Chandra and Lim8 developed a semi-empirical theory using the super-
molecule framework as a means of explai~ing the excimer emission . The basic 
Huckel formalism was extended to include electron repulsion terms followed 
by the configurational interaction scheme developed by Pople et aZ . 33 The 
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Calculated monomer-excimer fluorescence separation of naphthalene as a 
function of interplanar distance . (Ref . 9) 
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Calculated monomer-excimer fluorescence separation of pyrene as a function 
of interplanar distance . ( ef . 9) 
orthogonality between the various dimeric orbitals results in the inter-
molecular terms that depend on the electron distribution (~A ~B) being given 
as 
29 
1 . 32a 
1.32b 
If the electron repulsion terms are neglected the wavefunction reduces to 
the form proposed by Azumi and Azumi9 with each monomer molecular orbital 
being split by 2S ' . 
, L~ e , , This is s~atically represented in Figure 1 . 1 . 
The singlet excitations that arise from the 
schematically by : 
ljJ l = lJJ2mlJJ2m+ 1 E1 = l La 
' 
lJJ2 = lJJ2mlJJ 2m+ 2 E2 = l La 
' 
ljJ 3 = lJJ2m- 1 lJJ 2m+ 1 E3 - lLa 
' 
-
lj;4 :: lJJ 2mlJl 2m+ 2 E4 - l La 
' 
-
state are given 
2S' 
' 
1.33a 
+ 2S' 
' 
1.33b 
+ 2S' 
' 
1 .33c 
+ 4S ' 1.33d 
where the first term indicates the molecular orbital from which the elec-
tronic transition initiates and the second term gives the level at which it 
terminates . The inclusion of electron repulsion modifies the simple 
dependence that the transition energy has on S' such that it is now given 
by 
1.34 
where lJ; 1 is the initial state and lJlm the final state . The degeneracy of 
the two excimer states ~2 4 ~3 is split and the energies of ll11 4 lµ4 
altered by the configurational mixing of those states of appropriate 
symmetry. The new wavefunctions are given as 
0 
1 Cx1+>--1x4) = ~ ' (1+>--12 ) 2 
1. 35a 
l (x1+>--2x4) p -- ~ ' (l+ >--22)2 
1 . 35b 
1 y -
- Cx2+X3) -
' 
1. 35c 
12 
1 . 35d 
where A1 4 A2 are coefficients of mixing . 
The effects of configuration mixing is illustrated in Figure 1 . 17 . 
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Effect of configuration interaction on the energy levels of exc~mer 
The parameters used to calculate the various integrals were chosen such that 
• • .,, <--t• • v- h O f 3 4 A • a fit of the excimer spectrum is obtained assuming a ~c,;ea~-±-9~ o . At 
infinite separation both the y and o states converge to the state 
of the monomer and it is not possible to determine which one is the emitting 
excimer state . To resolve this problem, S' and R were determined from 
the spectra and the energy of the y and cS states are given in Tables 1.4 
and 1.5. Chandra and Lim excluded the possibility of the cS origin due to 
-. V 
the small separation required to fit the spfect and concluded that the 
excimer fluorescence has o origin. The -1 6000 cm shift that Birks et 
al. 34 observed was attributed to a linear relation that exists between the 
excimer and the monomer bands . The energy of the O state for 
molecules with a large p band intensity, is given as 
therefore 
E(a) = (1-K) E( 1 La) + K[6E-(MAMA IM+lBM+lB)] + ... 
~ ( 1-K) E ( 1 La ) 
K ~ • 27 
E ( a ) ~ 0 . 7 3 ( 1 La ) • 
"'-' 
1 . 36 
1.37 
Fi gure 1 .18 shows a plot of the ene gy of the exc~mer versf/s the p-band 
energy of the monomer giving a slope equal to 0 . 73 . 
The authors conclude that this approach could explain the exc.1mer 
........ 
31 
':> fluore%cence and although the transitions are dipole forbidden a s l ip ~. · 
distortion of the sandwich geometry would introduce dipole allo;-,ed 
character without significantly affecting the transition ener g i es . 
Tab l e 1. 4 
Values of S' ( electron volts) and D (ang-
stroms ) at which calculated E(p)-E(a) agree 
wi th the observed energy gap between the 
monomer p band and excimer fluorescence . (Ref . 8) 
Naphthalene 
Anthracene 
Perylene 
D 
3 . 0 
3 . 5 
4 . 0 
-s, 
0 . 50 
0 . 40 
0 . 30 
E(p )-E(a ) 
1 . 20 
0 . 94 
0 . 81 
!::.Eb 0 S 
1 . 22 
0 . 94~·: 
0.71 
~·- Va l ue for 9- methylanthracene 
Tabl e 1. 5 
Calculated values of E(p)-E(o) at various 
interplanar separations . (Ref. 8) 
Naphthalene Anthracene Pe rylene 
( observed, (observed, (observed , 
D +l . 22) +0 . 94) +0 . 71) 
2.5 +0.34 +0 . 55 +0 . 70 
3 . 0 - 0 .14 +0 . 16 +0 . 41 
3. 5 - 0 . 52 - 0 . 16 +0 . 13 
4 . 0 -0 . 83 -0 . 43 -0.08 
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Figure 1.18 
Plot of the energy of the p band a3ainst the energy of excimer 
fluorescence. (Ref. 8) 
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CHAPTER TWO 
2. l Introduction 
In Chapter One, the theoretical treatment of aromatic dimers developed 
by Murrell and Tanaka5 was described. Their approach, framed in the 
formalism of exciton theory, attributes the change in the electronic tran-
sition energies of aromatic molecules upon excimer formation to a coupling 
through intermolecular overlap of charge resonance and neutral exciton 
states . Only those configurations arising from 1~ monomer transition were 
a 
considered since the ]Lb transition has a smaller transition moment and the 
associated states are not appreciably stabilized by exciton interaction. 
This four electron calculation , nevertheless, allows for a reasonable 
explanation of the fluorescence spectra of excimers of naphthalene, 
anthracene , pyrene, and perylene if the separation between monomer units 
0 
composing each excimer is approximately 3.0 A. 
In this chapter, the formalisms and results are presented for treat-
ments of the anthracene dimer using both the dipole-dipole interaction 
approximation and an extension of the Murrell and Tanaka exciton method to 
1 1 1 include the effects due to La ' Lb' and Bb monomer transition. It has 
been suggested by Ferguson et al . that consideration of the states arising 
from the J Lb transition may explain the inconsistencies reported in 
observed lifetimes of emissions from anthracene sandwich dimers . While 
1 Murrell and Tanaka also noted that states of the Lb transition could be 
stabilized by intermolecular overlap , they thought this effect would be 
small since the charge resonance states depend on the second ionization 
potentials and electron affinities and the 1 Lb states have a nodal plane in 
their wavefunctions through atoms 9 , 10, 9', and 10 1 • 
2. 2 The Dipole-Dipole Approximation 
If there is negligible overlap between the two molecules composing the 
dimer, the resonance interaction can be approximated as that of two dipoles 
34 
with dipole moments equal to the transition moments of the transitions 
concerned, namely, M. and M .. The transition moment for an excitation from 
_-i _J 
the ground state, t
0
, to an excited state, ti' is given by the following 
expression: 
~i = L <t0 lerplti> p 
2.1 
where e is the charge of an electron and r the position vector for the 
-p 
pth electron. 
If the state wavefunction is written as a Slater determinant, then M. 
--i 
can be expressed as: 
M. 
--i 
where an electron has been promoted from the kth to the ith energy level. 
Integrating over the space of the electrons, M. can then be given as 
--i 
~i = 12 I< ~kle!pl~i> 
p 
2.3 
By representing the molecular orbital ~k as a linear combination of atomic 
orbitals, 
the transition moment can be theoretically calculated as: 
M. = n- eI C C. r 
-'i y~ kµ -iµ µ µ 
2.5 
where the various. components of M. (e.g. M. ~ M. ~ and M. ) transform under 
_-i -ix -iy -iz 
the operations of the molecular point group as the spatial coordinates x~ 
Y~ and z. 
Since this approach is only valid if there is negligible intermole-
cular overlap, the separation of the monomer units composing the excimer 
must be large. The energies can be successfully interpreted as a first 
order perturbation of the respective monomer energies and are given as : 
where H . . 
'iJ 
E'= E + H . . 
'iJ 
H .. - M- · M· 
'i J ,:..:J. - J 
lbjl 3 
represents the 
2.6a 
3 Ct!i · B.i j) c~ r ~i j) 2. sb 
IR .. 1 s 
-1.J 
dipole-dipole energy and R .. is the separation 
-'iJ 
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of the two dipoles (monomer units) . Therefore, for dipole-allowed tran-
sitions in the monomer , two dimeric states results from each monomer state 
with the splitting parameter , A ~ given by : 
A = 2H . . = 21 MI 2; IR I 3 1.,J - •• 
-1.,J 
2.7 
In the anthracene sandwich dimer , R .. is perpendicular to the plane of each 
_ 1.,J 
monomer and only the first term in the expansion contributes to the energy 
splitting . For transitions polarized in the molecular plane the results of 
using this approximation are given in Table 2.1 and represented in 
Figure 2.1 where one observes as expected that only the 1La and 1Bb states 
of the monomer are split since the 1Lb state is not a dipole allowed tran-
sition . The dipole-dipole approach becomes less and less satisfactory with 
decreasing separation and thus increasing overlap between monomer units. 
The results for a higher order calculation are presented in the next 
section. However , before disregarding this approach as a means of explain-
ing the spectral features of the anthracene excimer, several qualitative 
remarks are appropriate . Firstly, the inadequacy of the dipole-dipole 
approximation suggests that the excimer spectra cannot be explained with-
out including intermolecular overlap . Although splittings of monomer 
electronic transition energies result, these splittings are much too small 
to fit the excimer spectra if the monomer separation is assumed to be of the 
order of a crystal separation . The main conclusion is that the lower 
energy component of the degenerate transition in anthracene is shifted so 
as to fall between the 1L components at separations less than 3 . 5 i. 
a 
This suggests that excimer states arising from this parent monomer state 
could be important in the explanation of the excimer spectra and such 
effects are more thoroughly investigated in Section 2 . 3 
2.3 Exciton Formalism for Anthracene Sandwich Dimer and Excimer 
The Platt notation is used to designate the various excitations with 
1La representing the transition from the highest bonding to lowest anti-
bonding molecular orbital (e.g . 7 ~ 7') and 1Lb and 1Bb representing the 
L 
Table 2J Splitting Parameters, A, and Resulting Transition Energies for the 
Dipole-Dipole Approximation 
Dipole 
Separation 
R(i) 
2.80 
3.50 
4.20 
Splitting Parameters 
A(eV) 
(11) (11) (lB) 
a b b 
0.6269 
0.3210 
0.1858 
0.7005 
0.8707 
0.5038 
Transiti on Energies 
E(eV) 
(11) (11) (11) (lB) 
a u a g b b u ( lBb) g 
4.0816 2.8278 3.6771 6.7513 3.3503 
3.7759 
3.6405 
3.1339 
3.2689 
3.6771 5.9215 4.1801 
3.6771 5.5546 4.5470 
w 
°' 
1l 
7.0 
6.0 
E( v) 
5.0 
.0 
3.0 
2.0 
1.0 
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Figure 2 . 1 Splitting, 
as given b 
1 1 
, of the L and Bb anthracene monomer states 
the dipole- ~ipole approximation (eq. 2. 7). 
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degenerate pair of transitions , 6 + 7' and 7 + 6', where 6 and 6 ' are the 
second from the highest bonding and the second to the lowest antibonding 
molecular orbitals respectively. 
lL = 1;~[r6 + 7') - (7 + 6')} 
b 
1Bb = 1; 12[(6 + 7') + (7 + 6')} 
2.8a 
2.8b 
Inclusion of these extra molecular orbitals in the Slater determinant is 
equivalent to enlarging the basis set used to represent the excimer wave-
function. If the ground state wavefunction of the monomer is represented 
as 0 '±', then the corresponding excimer state is given as 
G 2. 9a 
where A and B again signify the separate monomer units which form the 
dimer or excimer. This state wavefunction for the excimer is given by the 
Slater determinant: 
2.9b 
where the barred electron has 8 spin and the unbarred a spin and Huckel 
molecular orbitals are used as the basis set . From this point on the 
explicit designation of each electron will not be given as in equation 2.9b 
but simplified to the form: 
2.9 c 
' If singlet exciton wavefunctions of the monomer are expressed as '±' then 
excimer wavefunctions can be given as: 
E = l / ( ' '±'A O'f - O'f ' '±' ) g., u /2 B + A B 2.10 _ 
and singlet charge resonance wavefunctions can be similarly combined to 
give 
R = l / (+'±' 
g.,u Ii A '±' - '±' + '±' ) B + A B 2.11 
In these expressions g and u refer to the symmetric(-) or antisymmetric 
(+) combinations with respect to inversion, superscripts O and' indicate 
an unexcited or excited monomer respectively; and superscripts+ or -
represent a loss or gain by the monomer unit of one electron . Excitation 
can be of 1L a-' 
l Bb. parentage with wavefunctions of the singlet 
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exciton given in equation 2 .12 and charge resonance wavefunctions are given 
similarly. 
E (lL) = ; [(l6A6A7A7A6B6B7B7BI + l6A6A7A7A6B6B7B7BI ) 2 . 12a a g., u 
+(l6A6A7A7A6B6B7B7BI + l6A6A7A7A6B6B7B,7BI )} 
E (lL) = J-2[ { ( I 6A ?'A 7A 7 A6B6B7B7BI + l7'A6A7A7A6B6B7B7BI) 2 . 12b b g., u 
(l 6A6A7A6A6B6B7B7EI + I 6 A 6 A 6, A·rA 6 B6 s 7 s 7 BI ) } 
- {(l6A6A7A7A6B7' B7B7BI j6A6A7A7A7'B6B7B7BI) + + 
(l6A6A7A7A 6B6B7B6'BI + l6A6A7A7A6B6B6'B7Bl)}J 
E (lB) = J-2.[ { ( 16A 71A 7A 7A. . . + j7 'A6A . I ) 2.12c b g., u • • 
+ (l6A6A7A6' A: . . + l 6A6A . . . I ) } 
+ ( l6A6A ... l+l6A6A ... 1 +(l6A6 •.. 1+16A6A .•• 1)}] 
The intermolecular part of excimer Hamiltonian is restricted to a sum 
of nuclear repulsion, electron repulsion , and nuclear electron attraction 
terms with the form: 
z2e2 1 I l ~2 - l l l 
+ -
2 
. . r . . 2 . 
r -z, J 1,J µ ~ µv 
2 Ze 
. µ1, 
with µ and v denoting nuclei and i and J pi electrons in the 
different molecules . Then the total energy of each state follows as: 
E - <'¥ < i ) '¥ ( j ) 1 n I '±' C i ) '¥ C j ) > + i ~ j ' P i ' j ' <'±' C i) '¥ C j ) I H I '¥ C i ' ) '±' C j ' ) > 
2.13 
2 . 14 
where ljJ is the wavefunction for a particular electronic state and P ., ., 1.- J 
is the permutation operator for electrons i' and J'. 
The pi electron density centered between the two monomer units can 
either stabilize or destabilize the various exci .er configurations. Since 
the intermolecular overlap can also indicate the probability of electron 
transfer between two units, the overlap matrix forte various electronic 
configurations is calculated . Elements of this overlap matrix are given 
as: 
S AB = < I lµ A l/J B I l I l/J A ljJ B I > 2 · 15 
with ll/JAl/JBI designating a particular configuration of the excimer . The 
elements of the overlap matrix are calculated by expressing the state 
.. 
wavefunctions as eight- electron Slater deLerminants and choosing Huckel 
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molecular orbitals as the basis set with the calculation simplified by 
various restrictions. (1) Due to orthogonality of the spin functions, 
a and 8 , overlap between electrons with different spin is zero. (2) 
Overlap between electrons in different molecular orbitals is zero (S66 ,= 
s 77 ,= s67 , = s67 = S6 , 7 = 0). These restrictions do not imply that all 
integrals involving different molecular orbitals will vanish. Those inte-
grals that involve a one-election operator (e.g., the nuclear-electron 
attraction term) will be non-zero only fr)om electronic wavefunctions where 
th~ spatial and spin functions for the individual electrons differ only 
in one place; similarily, the zero and two-election operators will only 
couple electronic wavefunctions that are identical or differ only in two 
electron space respectively . Further , the sign convention is chosen in 
such a way that 
<¢7Al¢7B> = <¢7A'l¢7B'> = 8 11 
<¢6Al¢6B> = <¢6A',¢6B'> = 366 
The overlap matrix for the various electronic states is given in 
2.16a 
2.16b 
T~le 2.2 where diagonal elements were calculated to order S 2 and off-diag-
onal terms to order S. It shows that there is no coupling between symmet-
ric and antisymmetric states of the same excitation type but that the sym-
metric charge resonance and symmetric excitation resonances states couple. 
The diagana~ elements of the antisymmetric (u) states are of order 
l-4S2 and indicate that electron density is depleted between the two uni t s 
and these states will be dest~ilized and repulsive; but when the overlap 
is zero there is no effect on the charge density to the accuracy of the 
level considered. 
Although the symmetric (g) states are also destabilized as indicated 
by the diagonal overlap matrix element (e.g. l-2S2 ), the magnitude of this 
effect may perhaps be less than for the antisymmetric states . The 
off-diagonal elements indicate a coupling of the symmetric exciton and 
charge resonance states which may partially compensate for the destabili-
zing force . As discussed later , a configurational mixing of exciton and 
OG 
'E( \a)g 
'R(lla) g 
'E(lLb) g 
'R(llb) g 
'E(1Bb)g 
'R(1Bb) g 
~ 
TABLE 2.2a OVERLAP MATRIX TO ORDER s2 
I 
I 
SYMMETRIC WAVEFUNCTIONS 
0 G I 'E( 1L) 'R( 1L) a g a g 
1-25662 
-2s77 2 
l-2s662 
S77+577 l -2s662 
'E(\b)g 
l+S66577 
3 
-2( 5662+5772) 
S55+S77 
1 
2( 577-566) 
I 
IR( \b) g 
l+S66577 
-~(S662+S772) 
1 
2( 577-S66) 
'E(1Bb)g 
l+S66S77 
3 
- 2( 5662+577 2) 
566+577 
IR( 1 Bb) g 
l+S66 577 
3 
- ~S662+S772) 
+:'-
....... 
I 
TABLE 2.2b 
UNSYMMETRIC WAVEFUNCTIONS 
I E (l L ) 
a u 
'R( 1L ) 
a u 
IE ( 1 L .) 
b u 'R(
1L ) b u 'E(
1B) b u 'R(
1B) b u 
'E( 1L ) l-2S662 -2S 2 a u 77 
11 R( 1L ) a u 577-577 l-2s662-2s772 
'E( 1L ) - - l-S66577 b u 3 
- 2( 5662+5772) 
.r:--
N 
'R( 1L ) 1 l-S66577 - - 2(S77-S66) b u 3 
- 2 ( 5662+s 2) 77 
" 
'E( 1B) l l-S66577 - - 2(S662-5172) 577-S66 b u 3 
- 2(S662+S772) 
'R( 1B ) 1 1 l -S66577 - - 577-S66 2( 5662-5772) 2( 577-566) b u 3 
- 2( S 6 6 2 + S 7 7 2 ) 
... 
' 
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charge resonance states will be the main additional factor in determining 
the internal electronic distribution. The electronic energies for the 
excimer states, as given by equation 2.14, were calculated to order s2 and 
the zero point energy was set as the ground state of an anthracene free 
molecule . 
To facilitate the numerical calculation of both intra and intermole-
cular integrals , the various electronic states are expressed in terms of 
· Huckel molecular orbitals which are further given as linear combinations of 
atomic orbitals such that: 
2.17a 
2.17b 
2.17c 
where t is a molecular orbital;µ and vindicate nuclear sites; and Vis 
a nuclear electron attraction term . Since these interactions fall off 
rapidly as the distance between atomic sites increases, the zero differ-
ential overlap approximation was adopted for intrarnolecular terms . As a 
consequence of this, interactions that depend on the overlapping of the pi 
electron densities centered at different sites are neglected , e.g., 
S = o µv µv 2.18 
To maintain consistency in evaluating intermolecular integrals, only those 
interactions between nearest neighbor atoms were taken as nonzero. This 
restriction is valid insofar as it includes all intermolecular a-type over-
lap effects and excludes those with the much smaller n-type components . 
After simplification integrals of the intermolecular type are given by : 
S - IC C S - IC 2 S - SAB 2.19a 
t A tB u t~ tµ B µ A1 B µ tµ µ A-1 B 
V = l C C V - VAB 2.19b -tAtB tµ A tµB µ AµB µ 
< t At A I tB tB> - l l ctµ 2 C 2 < µAµA lvBvB> 2 . 19c - tv µ \) 
< tAtAltAtB> - l l ctµ 2 ctv 2 < µAµ Al v A \)B> 2 . 19d -
µ \) 
<tAtBltAtB> - l l ctµ 2 C tv 2 < µAµ B I v Av B > 2.19e -
µ \J 
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Semi-empirical parameters were chosen for the intramolecular inte-
grals . Numerical values for intermolecular integrals were determined by 
28 
two methods . For terms withµ= v the tables of Kotani et al. were used and 
for terms withµ} v integrals were evaluated using the point charge model 
and Mulliken ' s approximation , vis . 
8AB 
< µAµAlvAvB> = -2- = {<µAµAlvAvA> + < µAµAlvBvB>} 2.20 
Numerical values for all necessary integrals are collected in Table 2.3 
based on the choice of an effective charge , Z , equal to 2.8 . This value 
for Z was used by Murrell and Tanaka5 since it gives a better fit to the 
SCF value for intermolecular atomic overlap for separations greater than 
C-C bond lengths than does the usual value of 3 . 18 . This is shown in 
Table 2 . 4 . The value 3 . 18 is normally used when calculating intramolecular 
t erms for aromatic molecules but is shown by them to be less satisfactory 
in this particular case . 
The potential field , Vtt '' was approximated as the field of a neutral 
molecule, V0 , and the field of the electron density, where 
< t I l ltA> Vo ZS:: tAtAl;ltAtA> 2.21a = A r . tAtA µAi-A 
<tAlr 
1 
ltA> Vo Z<tAtAl;ltAtB> 2. 21b -- tAtA µA-iB 
<t I l jtB> Vo 
- Z<tAtAl;ltAtB> 2.21c --A r . tAtB µA-iB 
and Z is the effective charge of the core . Expressions for the total 
energies of the dimer states relative to the ground state of the monomer 
are given in Table 2 . 5 and are shown numerically as a function of monomer 
separation in Table 2 . 6 . The transition energies for the charge resonance 
and neutral exciton configurations are shown in Figures 2.2a and 2 .2b rela-
tive to the state with all lower molecular orbitals doubly occupied. 
The results for the excimer using the exciton model are shown graphic-
1 
ally in Figure 2.2a and suggest that the L monomer configurations retain 
a 
their identity as contributing to the lowest lying excimer conf i gurat ions . 
It is noted that the symmetric component is depressed in energy while the 
antisymmetric component of 1La ori£in is raised but both the 1~ and 1Rb 
115 
· Table 2.3 Numerical Values for Integrals (eV) 
< > <AAjAA> <AAIBB> <AAIAB> <ABjAB> 
<66166> 5 . 6756 3.5518 0 . 6964 0 . 1118 R = 2.8 i 
3.3362 . 4784 0 . 0620 = 3 .0 
3.0752 . 2505 . 0147 = 3.5 
2.7095 . 0772 . 0014 = 4.2 
<66' I 66' > 0 .2 581 0.1985 0.0693 0 . 0221 
.1909 . 0365 . 0126 
.1181 . 0243 . 0025 
. 0734 . 0087 .0003 
<66177> 5.4333 3.4649 0.6445 0.0949 
3.3065 . 4667 . 0524 
3.0382 . 2319 . 0128 
2.6971 .0704 .0012 
<66' 177'> -0.7054 -0.1363 -0.0519 0.0289 
I 
I 
- .1304 - .0456 .0159 
- .0918 - .0183 . 0132 
- .0643 - .0052 .0047 
<77177 > 5 .2906 3 . 5622 0 . 6687 0 .1075 
3.3544 . 4589 . 0524 
3.1001 .2 404 . 0141 
2.740 0 .0740 . 0014 
<77' I 77' > 0.8312 0.3104 0.1173 0 . 0287 
.2185 .0525 . 0162 
.1930 .0415 . 0034 
.1247 • 0139 . 0004 
<67167> 0 . 0305 0 . 0335 0 . 0129 0.0046 
.0265 . 0076 .C026 
.0182 .0045 . 0005 
.0101 . 0017 .0001 
<67' 167'> 0 . 5643 0.2219 0 . 0645 0.0120 
.2185 . 0394 . 0067 
.1581 . 0227 .0015 
.1158 .0071 .0002 
2 2 R=2 . 81\ R=3.0lt R=3.52\ R=4 . 2J\ 
Z e 5 . 1427 4 . 7618 4 . 1142 3 . 4285 
r 
µAv B 
0 . 4470 0 . 2787 0 . 1020 0 . 0480 
0.1430 0 .1072 0 . 0540 0 . 0171 
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Table 2.4 Values for S at R 0 = 2.78A µAµB 
Pa -Po Po-Po z 
s.c.r. value 
0.16 0.15 2.80 
0.09 3.18 
0.08 3.25 
Table 2.6 Absolute Energy Shifts (eV) of Excimer Relative to 
the Ground State of the Monomer 
0 A R = 2.8 R = 3 .O R = 3 . 5 R = 4.2 OG 
7.586 5 . 979 4 . 035 3 . 248 
1E( 1L )u 8.017 6.185 4.487 3.557 
a 5.506 5.052 3.820 3 .304 g 
1R( 1L )u 9.680 7.117 4.394 3. 633 
a 7.923 6.265 4.143 3.612 g 
1 1 6 . 758 5 . 316 4 . 463 3.695 E ( Lb )u 
g 6 . 807 6.083 4.734 3.831 
1R(l1t)u 7.453 6 .140 4.532 3. 686 
g 6 . 617 5 . 143 4 .362 3 . 686 
lE(lBb)u 7 . 416 5 . 921 4.177 3.214 
g 5.775 4 . 880 4.039 3 . 212 
lR( lBb )u 7.493 6 .100 4 . 310 3.669 
g 5.638 5.150 4 .102 3. 644 
a) 0 G 
(6616 6 ) 
( 66 I I 66 I ) 
(66177) 
(66' 177') 
(77 177) 
(77' 177') 
( 67167) 
( 67 ' 167 ') 
v66° 
V11° 
Vn 
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l I i l < AA 1-IAA > <AA -IBB) < AA 1-IAB)S r·. r.· . r.• . 
'1 ' J i J 
30 32 so 32 
+20 -11 +14 +8 
-12 +8 -20 -32 
+20 -4 +14 +8 
+8 -4 +16 
+12 -4 +12 +8 
+12 -4 +12 +8 
-4 +l - 4 
Table 2.5 
Diagonal Hamiltonian Matrix Elements 
for the various configurations 
l <ABl~IAB) 
'1 
-2 
-2 
-4 
I 
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1 1 1 I i < AA l~IAA > < AAI-IBB) ( AAl~IAB)3 <AB ~IAB) r·. tJ 
' J '1 ' J 
30 32 30 32 
(661 66) +20 -4 +12 +8 -2 
(6 6 '1 66 ') 
(66177) 
(66' 177') 
-16 +8 -14 -32 
(77177) +20 -4 +14 +8 -2 
(77' 177') +l -2 +2 -5 -4 -1 
(67167) +2 +6 -4 +12 -3 
(67' 167') 
-1 +2 +4 -1 
-
v66o +12 -4 +12 +8 
V11° +12 -4 +12 +8 
Vn -4 +l -4 
1 1 1 i I < AA I:;:-. IAA) <AAl~IBB> ( AAl~IAB)3 (ABI~ AB> 
iJ '1 i J i J 
SD 32 cO 0 32 
• 
( 66166 ) +8 -4 +4 +8 -2 
(66' 166') 
(66177) 
-8 +8 -6 -16 
(66' 177') 
(77177) +12 -4 +8 
(77' 177') +l -2 -2 I +5 -1 ( 67167) +2 +2 +8 -3 
( 67 ' 167 ') . -1 +2 -1 
v66° +4 -4 +4 +8 
V11° +8 -4 +8 · 
vn -2 +l -2 
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d) lE(lL) X 2.Q 
< AA I r~. I BB > < AA I r~. I AB > < AB Ir~· IAB) b u < AA I r~. I AA > 
tJ ' ) ' J ' J 
so S2 so S2 
(66166) +l +38 -8 +29 +11 -3 
(66'166') -1 +2 +2 -1 
(66177) -2 -28 +16 -34 -55 -2 
(66' 177') 
(77177) +l +38 -8 +29 +12 -3 
(77' 177') -1 +2 -1 +4 -1 
( 67167) +4 +6 -1 +15 -4 
(67' 167') +l -2 +4 +8 -2 
v66° +24 -8 +24 ,·16 
V110 +24 -8 +2 4 +16 
Vn -8 2 -8 
e) lE(lLb)g X 2.0 
< AA I r~. I AA > < AA I 11\ IBB > < AA I n\ I AB >s < AB I 1~~. I AB ) 
' J i J 
50 52 5 0 s2 
(661 66 ) +l +18 -8 +15 +9 -3 
( 66 ' 166') -1 +2 +2 -1 
(66177) -2 -12 +16 -18 -33 +2 
( 66 1 177 1 ) 
(77177) +l +18 - 8 +1 5 +8 -3 
( 77 ' 177 1 ) -1 +2 +l -1 
( 67167) +4 +2 -1 +17 -8 
( 67 1 167 ') - 4 +7 +2 - 4 - 2 
v66° +12 - 8 +12 +8 
V11° +12 -8 +12 +8 
Vn -4 II +2 - 4 
50 
f) lE(lB) X 2.0 b u 
<AAl~IAA) < AA j-1-IBB) < AA j-1-jAB )5 < AB li_j AB > 
r.• . y; . . 1)· . r.· . IJ l J % J i J 
50 52 so 52 
(661 66) +l +38 -8 +29 +11 
-3 
( 66 ' 166') - 1 +2 +2 -1 
(66j77) -2 -28 +16 -34 -55 -2 
( 66 ' 177') 
(77177) +l +38 -8 +29 +12 
-3 
(77' 177') - 1 +2 -1 +4 
-1 
( 67167) +14 -7 +31 -8 
(67 1 167') +8 -15 +6 -12 -24 
-2 
v66o +24 -8 +24 +16 
V11° +24 -8 +24 +16 
Vn -8 2 -8 
g) lE(lHb)g x 2.0 
<AAl~IBB) ( AA 1-1-IAB )5 ( ABl~IAB> <AAl~IAA > r.· . r.· . r.• . r.· . iJ i J i J iJ 
50 52 50 52 
(66166) +l +8 -8 +15 +9 
-3 
(66' 166') -1 +2 +2 
-1 
(66177) -2 -12 +16 -18 -33 +2 
(66' 177') 
(77177) +l +18 -8 +15 +8 -3 
(77' 177') -1 +2 +l 
-1 
(67167) +14 
-5 +17 -4 
(67' 167') +4 -9 -6 +12 -2 
v66o +12 -8 +12 +8 
V110 +12 -8 +12 +8 
Vn -4 2 -4 
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h)lR(lL )u 
a 
< AA I r~. I AA > < AA I r~. I BB > < AA I r~. I AB >3 < AB Ir~· IAB> 
t J i ] t J t J 
so 32 30 32 
(66166) +10 -4 +10 -8 -2 
(66' 166') 
(66177) 
-2 +8 -6 -8 
(66' 177') 
(77177) +l +10 -5 +11 +4 
(77' 177') -2 +2 -1 -1 
(671 67) +l +2 -1 +9 -3 
(67' 167') -1 +2 +l -1 
v66° +4 -4 +4 +8 
V11° +a -4 +8 
Vn -2 +l -2 
i) lR(lLa) 
< AA 1_2-IAA > < AA 1-1-IBB) < AA l~-IAB)3 <ABl~IAB) r·. r.· . r·. r.· . i; i ] i ] t J 
so 32 so 32 
(66166) +22 -L~ +18 - +8 -2 
(66' 166') 
(66177) 
-10 +8 -14 -24 
(66' 177') 
(77177) +l +18 -5 +17 +12 -2 
(77'177') -2 +2 +l -4 +3 
(671 67 ) +l +6 
-3 +11 -3 
(67' 167') -1 +2 
-1 +4 -1 
v66° +12 - 4 +12 +8 
V110 +12 -4 +12 +8 
Vn 
-4 +l -4 I: 
r -
. . 
- . . 
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j) 1R( 1Lb)u x 2.0 
(AAl~I AA ) < AA 1-1-1 BB } < AA I _J-_I AB )S <ABl~IAB) r·. r.· . I'·. r·. 
'} 
' 1 ' 1 '} 
so 52 50 52 
(6 6166 ) +l +37 -8 +30 I +12 
-3 
(66' 166') -1 +2 -1 +4 -1 
(66177) -34 +14 -28 -56 -2 
(66 1 177') 
(77177) +38 -7 +29 +14 -3 
(77' 177') -1 
-1 +2 -1 
(67167) +2 +14 +2 -10 +23 -4 (67' 167') -2 
-4 
VG 6 0 +24 -8 +24 +16 
V770 +24 -8 +24 +16 
vn -8 +2 -8 
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k) lR(lL) X 2.0 b g 
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so 52 so 52 
~ 
(661 66 ) +l +17 -8 +16 +8 
-3 
(66'166') -1 +2 +l 
-1 
(66177) -18 +14 -12 
-34 +2 (66'177') 
(77177) +18 -7 +14 
-6 -3 (77' 177 1 ) -1 +3 -1 
( 67167) +2 +o +2 
-5 +17 -8 
( 67 ' 167 1 ) -2 +4 +6 
-4 
v66o 
I 
+12 -8 +12 +8 
V770 l +12 -8 +12 +8 
Vn I -4 +2 - 4 
I I 
. ~ 
.......11111 
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1) lR(lBb) x 2.0 
u < AA 1-1-IAA) < AA 1-1-IBB) < AA Ir.:. IAB >s < AB Ir.:. ·I AB ) r.· . r.· . i 1 I J I J I J 
50 52 50 c:2 .._ 
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V770 +24 -8 +24 +16 
Vn -8 +2 -8 
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(66177) 
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(77177) +18 -7 +14 +6 -3 (77'177') -1 +3 -1 
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Figure 2 . 2a The transition energies for the neutral exciton configurati ons 
of the anthracene excimer relati ·e to the state with all 
lower molecula r orbitals doubly o ccupied . 
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Figure 2 . 2b The transition energies for the charge resonance configura-
ti ons of the anthracene excimer relative to the state with 
all lower molecular orbitals doubly occupied . 
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configurations ar~e stabilized as the intermolecular separation decreases. 
Because of the symmetry properties associated with the symmetric tran-
sitions , there is an exact cancellation of the dipole moment for this 
transition . Therefore , the excimer spectra can be fitted assuming the 
exciton model and a 6000 cm-l red shift from the monomer band at R: 3.1 A. 
This is also in keeping with experimental data that the lowest energy 
excimer transition has a long lifetime and thus a small transition moment . 
This explanation would also suggest that the excimer band would be short 
axis polarized . 
The results obtained using the intermolecular charge transfer model 
offer a contradictory explanation for the origin of the excimer transition . 
These are illustrated in Figure 2 . 2b and show the same energy pattern for 
the two components of 1L as did the excimer exciton confifuration . The 
a 
1 
main difference is that the Lb symmetric component is split and stabilized 
to a greater extent that the configurations with the 1L type symmetry, and 
a 
so as the separation decreases the 1Lb component lies at lower energy than 
the 1L component . Thus the excimer transition can be fitted using this 
a 
0 
model and assuming a separation of approximately 3 . 0 A. Due to the pairing 
property in the symmetric wavefunction , the dipole transition moments will 
again exactly cancel . 1 The Lb monomer state has a very low calculated 
oscillator strength which could again account for the long experimentally 
observed lifetime . This explanation, however, implies that the polariz-
ation direction would be along the long molecular axis . Since the polari-
zation of the transition has not ·yet been experimentally established, 
neither of the above explanations can be rejected on polarization grounds. 
Symmetry considerations, however, provide a reason to doubt the 
validity of the charge resonance model . If the excimer transition had a 
charge transfer origin, it would be a 1Lb type excitation which has a nodal 
plane that bisects carbon sites 9 , 9 ', 10, and 10 . Since the excirrier is 
postulated as a stable intermediate in the for, .. -. ) of dianthracene from 
two anthracene molecules , it is unlikely that ::onfigurations 
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contr-.ibuting to the excimer states would be much different that( those of 
dianthracene which has actual chemical bonds connecting sites 9 and 9 ' and 
sites 10 and 10' . 
Because of the conflicting conclusions that can be drawn between the 
exciton and charge resonance models, one concludes that the excimer wave-
functions are not accurately enough determined and inspection of the 
off-diagonal terms of the overlap matrix is necessary. The overlap matrix 
has off-diagonal terms of order S indicating a coupling between the sym-
metric charge resonance and neutral exciton configurations. Thus, the 
Hamiltonian matrix elements are similarly calculated to order S subject to 
the same approximations as given for the diagonal terms of the overlap 
matrix . These terms are given in Table 2.7 and their numerical values 
shown in Table 2. 8 . This coupling perturbs the state wavefunctions and 
thus the state energies that arise from an interaction of two types of 
excitation represented as a and bare given as the solution of the follow-
ing secular equation . 
H - E 
aa 
= 0 2.22a 
H_ - S E 
-na ba 8tb - E 
E+ (H +H..b-2SHab)+{(H -H_ b )2 (l-2S2 )+2(H -SH ) 2+2(H -SH. ) 2 }~ 
aa -n - aa -n ab aa ab -~b 
( 2_28~) 2.22b 
The calculated state energies are presented in Table 2.9 and schematically 
represented in Figure 2.3. 
It is observed that the configurations that are the main components of 
the lowest energy states of the anthracene excimer directly correspond to 
the configurations that are associated with the ground state of the free 
molecule , if the intermolecular separation is greater than 3.5 A. As the 
two units are brought closer together, the importance of the above 
mentioned configurations decreases and the lowest state energy is composed 
of the corresponding monomer "excited" configurations. This phenomenon i s 
20 
in keeping with the definition of an excimer as suggested by Stevens that 
f' 
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< AA I r~. I AA > 
' J 
< AA I r~. I BB > 
' J 
s s 
+l +l 
-1 
+l 
< AA l~IAA > < AA I r~. I BB > r·. 
' J t J 
s s 
-12 
-8 
+12 +12 
-10 
-8 
tl 
-1 
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-1 
-8 
-8 
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-6 
+2 
Table 2.7 
Off-diagonal Hamiltonian ·~trix Elements 
for the various configurations 
-
< AA Ir:· IAB> 
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+2 I 
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c) l(E+R)(lLb) x 2.0 I 1 I 
< AA I _l:___I BB > < AA I _l:___I AB) .l <AA -AA) r·. r.· . r.· . 
'1 '1 '1 
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Table 2-8 Coupling Terms (eV) for the Symmetric Exciton and Charge 
Resonance Configurations. 
1 L Parentage 
a 
lL_ p 
~b arentage 
R = 2.8~ R = 3.0~ 
-5 . 540eV -4 . 940 
-5 . 238 -5.008 
-5 . 053 -4. 8 36 
R = 3. 5~ 
0 
R - 4.2A 
-2 . 020 -0.748 
-2 . 051 -0.761 
-1 . 968 -0.731 
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Tabl e 2.9 State Energies For Excimer (eV) 
0 
R=3 . oi R=3 . 5~ R=4 . 2i R=2 . 8A 
11 a· parentage 
Eu 3, 775 eV 3 . 661 eV 3 . 908 eV 3 . 764 eV 
Ru 5 . 405 4 . 588 4 . 159 4 . 475 
(E+R ) 11 . 107 10 . 307 6 . 294 5 . 012 g 
(E- R) g 
- 2 . 187 -1 . 522 0 . 506 3 . 006 
' parentage 
Eu 2 . 848 eV 3. 192 eV 4 . 105 eV 4 . 124 eV 
Ru 3 . 295 3 . 713 4 . 357 4 . 662 
(E+R)g 11 . 091 10 . 534 7 . 738 5 . 422 
(E- R)g - 1 . 995 - 1 . 474 1 . 784 3 . 553 
1 Bb parentage 
Eu 4. 880 eV L~. 9930 eV 5 .192 eV 5 .017 eV 
Ru 5 . 197 5. 251 5 . 849 6.264 
(E+R )g 11 . 823 11 . 569 8 . 264 6 . 763 
(E- R) g - 1 . 293 - 0 . 493 3 . 071 4.546 
12.5 
10.0 
E(ev) 
7.5 
5.0 
2.5 
.o 
-2.5 
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Figure 2 . 3 Calculated state energies as given by eq . 2 . 22b for the 
anthracene excimer afte r configu rati onal mixing of neutral 
exciton and charge res onance configurations . 
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an excimet> is a distinct chemical species that is stabilized in an excited 
state . Therefore , at large separations the excimer can be interpreted as 
two separate molecules interacting through space either as two dipoles or 
through electron exchange (overlap) effects. 
As the separation continues to decrease the forces due to overlap 
effects become more significant and eventually the overalp becomes of the 
same order as that of an intramolecular carbon-carbon pi bond. When this 
case prevails the excimer states must be interpreted as arising from one 
large molecule . such a "supermolecule" method is elaborated in the next 
chapter . 
If either of the two types of excitation could accurately describe the 
excimer , then under simple perturbation theory the ground state is suffi-
ciently well determined . This is partly due to the large energy gap 
between the ground state and the manifold of excited configurations and the 
fact that the coupling term is negligible or zero depending on the symmetry 
of the two configurations involved. This is not the case when ~~o excited 
configurations are combined, using first and second order configurational 
interaction methods . The two res ulting states will be split apart in energy 
and the extent of splitting is critically dependent on the magnitude of the 
coupling term . 
It has been shown that neither exciton or charge resonance states can 
adequately account for the properties of the anthracene excimer and thus a 
configurational mixing of these is warranted. In the configurational 
interaction approximation, the ground state is thought to be accurately 
determined without mixing the excited configurations, such that the 
stabilization forces associated with this state are due only to inter-
molecular overlap effects . Only two excited configurations of the same 
symmetry are allowed to interact and the final excimer states are then 
linear combinations of exciton and charge transfer configurations. As the 
separation decreases the contribution due to charge transfer configurations 
increases and thus the probabilities of an electron transfer between the 
l --
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two units is increased . (See Table 2 . k4} However, the coupling term be-
tween the exciton and charge transfer configurations is of the order of 
2 S and as the distance decreases, this becomes of the order of a 
µAµB 
carbon-carbon pi type bond as shown in Table 2 . 10. This approach, which is 
justified as a perturbation treatment , cannot compensate for the strong 
intermolecular forces that occur upon the formation of the excimer. 
5 Murrell and Tanaka also found that the splitting parameter was over-
l.,-
estimated by a factor of fip,e . They scaled the splitting term, A, in the 
dipole-dipole approximation by this factor and justified this in the 
following manner ; 
M2 observed / M2 calculated= 1/5 
A - M2 calculated /R 3 
thus to fit the "observed" spectra of the excimer 
A l = 5 
M2 calculated= ~2 observed 
E E3 
2.23a 
2 . 23b 
2.24 
Since this scaling was necessary to fit the excirner spectra in the dipole-
~ipole approximation, the interaction terms that coupled the charge reson-
ance and neutral exciton configurations were also scaled by Murrell and 
5 Tanaka . 
In order to meaningfully compare the results of Murrell and Tanaka 5 
with those in this chapter , the calculations discussed in Section 2-3 were 
repeated with the off-diagonal interaction term modified and given in 
Table 2 . 11 . The new state energies are then calculated using equations 
2 . 22a and 2 . 22b with the results shown in Table 2.12 and Figure 2.4. These 
results imply that the ground state of the excirner directly corresponds to 
that of the monomer regardless of the intermolecular separation. The 
unscaled results , however , suggested that the significant configurations 
for the ground state varied as a function of separation. Conclusions can 
also be drawn as to the ordering, splitting behavior, and symmetry of th e 
excimer states but these will not be discussed since they are similar to 
the unscaled results previously shown . 
l . 
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Table 2. 10 Comparison of Inter- and Intra-Molecular 
P - P-type Overlap 
R s 8
AB = 
2S s 
µAµB µAµB µ Av A 
Intramolecular 0.25 
Pn - Pn 
Intermolecular 2.8 0.1430 0.286 
Po- Po 3.0 0.1072 0.214 
3.5 0.0540 0.108 
Table 2.11 Modified Coupling Terms For Charge Resonance and 
Neutral Exciton Configurations (eV) 
~ p 2.8 3.0 3.5 4.2 
( 11 ) 
a g -1.108 -0.988 -0.404 -0.149 
(11b )g 
-1.047 -1.001 -0.410 -0.152 
1 ( Bb)g -1. 010 -0.967 -0.349 -0.146 
I 
I 
' 
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Table 2-12 STATE ENERGIES ( eV) FOR EXCI IT:R USING A COUPLING TERM 
2 2 
THAT IS SCALED BY (M obs./M cal) 
0 0 Q 
R = 2.8A R = 3.0A R = 3.SA R = 4.2i 
11 parentage 
a 
Eu 3.885 eV 3.661 eV 3.908 eV 3.764 eV 
Ru 5.405 4.588 4.159 
(E+R) 5.346 5.351 4.527 4.540 g 
(E-R) 0.764 1.568 2. 793 3.437 g 
11t parentage 
Eu 2.848 eV 3.192 eV 4.105 eV 4.124 eV 
Ru 3.295 3.713 4.357 4.662 
(E+R) 5.231 5.490 5.26?. 4.831 g 
(E-R) 1.255 1.768 3.487 4.103 g 
lB 
b parentage 
Eu 4.880 eV 4.993 eV 5 . 192 eV 5 . 017 eV 
Ru 5.197 5.251 5.849 6 . 264 
(E+R) g 6.167 6.659 6.482 o .335 
(E-R) 1.844 2.677 4.426 4.934 g 
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Azumi et al . 6 also investigated the scaling parameter of Murrell and 
TanakaSand suggested that its use was justified in the dipole-dipole 
approximation, but not the exciton case, even though it would result in a 
better fit to the spectra . Another complication of this method is its 
sensitivity to the numerical value of the effective nuclear charge Z. The 
,. 
choice of Z has been the subject of much controversy . Murrell and Tanak~ 
justified their choice of Z = 2.8 by showing this value agreed with the 
self-consistent field value for overlap with R = 2.78 A (see Table 2.4 ). 
Azumi et al . 6 varied the value of Zand found a value of 3.18gave the best 
fit to the excimer spectra . Such a Z value is consistent with intramole-
6 
cular parameters and Azumi et al . suggest that a smaller Z value also 
overestimates the intermolecular interaction as shown in Table 2.13 and 
results in an exaggeration of the splitting if the interaction term is not 
2 
scaled by (M 
ca 1 ) . It seems that this exciton approach, although 
well-formulated in theory , cannot explain the behavior of the aromatic 
excimer . Meaningful conclusions are prohibited by the large number of very 
sensitive variable parameters which cause significant differences in the 
calculated transitior. energies . The most significant of these is the 
effective nuclear charge , Z, used to determine in~errnolecular overlap, 
interaction terms using either the exciton or charge resonance model, and 
the coupling term between these two configurations when the excitation is 
viewed as a combination of both types. An alternative "superrnolecule" 
molecular orbital method is presented in the next chapter. 
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Table 2-13 Comparison of Intermolecular Overlap at Constant Rand 
Varied Effective Number Charge Z. 
Z = 2.8 Z = 3.18 
R(i) s s 
µAµB µAµB 
2 . 8 . 143 . 081 
3 . 0 . 107 . 063 
3 . 5 . 054 . 026 
4 . 2 . 017 .007 
, .. 
-
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CHAPTER THREE 
3 . 1 I n trod u ct i on 
In chapter one the idea of treating aromatic excimers and dimers as 
"supermolecules " was introduced as the basis of another model useful in 
predicting their electronic spectra . Previous supermolecule calculations, 
summarized in chapter one , showed that the transition energies of the 
excimers can only be explained if the effects of overlap are included; 
more explicitly the excimer is a system for which the excited states are 
or 
stabilized as a result of pi electron interaction . While the approach used 
in chapter two utilized first order perturbation theory , for supermolecule 
calculations the states of the excimer are determined using a variational 
iterative process . The significance of a supermolecule _approach is more 
clearly recognized if applied to the ultimate goal of understanding the 
photodimerization of aromatic molecules . The excimer has been suggested as 
an intermediate in this process of which the product is a single stable 
chemical species and not two interacting but chemically uncombined molecules . 
Azumi and Azumi 9 suggested that an extended Huckel treatment of the 
excimer with only nearest neighbor intermolecular exchange and overlap terms 
retained (equation 1 . 27 a-b) had the same predictive properties as the 
exciton model . Chandra and Lim 8 extended the Huckel framework to include 
electron repulsion and configuration interaction between the four states 
that arose from a splitting of the highest filled and lowest unfilled mole -
cular orbitals of the monomer . The 6000 cm- 1 shift in the origin of the 
excimer fluorescence of anthracene from the origin of the sandwich dimer 
absorption was predicted after semi- empirical parameterization . 
In section 3 . 2 the results of a simple Huckel calculation are discussed 
in terms of the ordering and symmetry of the dimer molecular orbitals . 
Various workers have shown that the r elationship between the dimer states 
-- . 
I 
I 
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between the two units composing the dimer. Although these former studies 
restricted their considerations to 2pz -2pz 0-type intermolecular overlap, 
the Huckel calculation described below will show the importance of 
including next nearest neighbor ( see Figure 3 . 1) 2pz-2Pz intermolecular 
terms. 
( ), 
8 
Figure 3 . 1 
8' 
Schematic diagram of types of 2p orbital overlap : 8 2p -2p n-type 
z z z 
nearest neighbor intramolecular overlap, B' 2p -2p a-type intermolecular 
z z 
overlap, and 8" 2p -2p next nearest nei ghbo r intermolecular overlap. 
z z 
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The formalism and results of a semi-empirical Pariser-Parr- ople (PPP) 
calculation are presented in section 3 . 3 . This calculation involves the 
solution of an N x N secular equation where N is the number of sites 
contributing to the pi electron system . As shown in section 3 . 2, it is 
necessary to iI'-clude both nearest neighbor and next nearest neighbor (see 
Figure 3 . 1 ) intermolecular interactions to be consistent with inclusion of 
only nearest neighbor intramolecular terms . 
3.2 Huckel Calculation 
Within the framework of the crude Born-Oppenheimer approximation Azurni 
and Azumi 9 suggested that the excimer spectra of sandwich aromatic dimers 
could be predicted using extended Huckel theory . This section briefly 
summar izes t he res ults of a simple Heckel calculation for the anthracene 
dimer and shows the significance of intermolecular exchange terms . The 
secular equation is given by : 
l I ( H, s -s, s E:.; ) = 0 
r s 
where summations are over all sites that contribute to the pi electron 
3. 1 
system. Denoting sites on the two separate anthracene units by subscripts 
A and B , the Hamiltonian terms of intramolecular origin are given in 
t erms of the standard Hu ckel parameters , a and 6 , as : 
3 . 2a 
Hamiltonian terms of intermolecular origin are given by equation 3 . 2b, which 
has similar form , rather than by the expression used by Azurni and Azurni 9 
( equations 1 . 27a and 1 . 27b). 
3 . 2b 
In equations 3 . 2a and 3 . 2b , M, 5 = 1 if sites r and s are bonded and is 
zero otherwise , while Ors is the sta ard Kronecker delta . In simple 
Huckel theory all overlap terms between different sites are set equal to 
zero ( Sr s = or s ) • 
1: 
11 
11 
I: 
11 
I! 
I; 
Ii 
11 
Ii 
11 
I: 
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Since the object of these calculations is to calculate elec ronic 
spectra , only energy differences are important and a may be neglected 
since it merely shifts the energy zero . S is adjusted to give the best fit 
to the anthracene spectrum . The values of a ' and S' are determined by 
the method of Parr and Crawford2 9 ( equation 1 . 31) and are shown as a funct-
ion of separation between anthracene units , R , in Table 3 . 1 . 
Tab l e 3 .1 
Int ermolecular Huckel Parameters 
R ( A) a ' (ev) s , (ev) 
2 . 330 2.743 1 . 240 
2 . 663 1 . 716 0 . 803 
2. 996 1 . 004 0 . 489 
3.328 0 . 559 0 . 286 
3. 495 0 . 410 0 . 215 
3 . 665 0.299 0.160 
4 . 160 0 . 112 0 . 060 
4 . 660 0 . 032 
Intramolecular Huckel Parameter 
S = - 4 . 004 ev 
The eigenvalues for the secular determinant obtained for the super-
molecule consist of pairs of energy levels, E (sym) and E (antisym), 
corresponding to each monomer energy level, E Symmetric and anti-
symmetric in brackets refer to the symmetry of the eigenfunctions with 
respect to inversion through the center of the supermolecule . With the 
energy zero defined so that a= 0 the eigenvalues for monomer and super-
molecule are given by : 
Ej (monomer) = -rry S 3. 3a 
E· (sym ) = ±a' - m.-(S±S') 
J antisym 1 3. 3b 
Since a ' and S' depend upon the separation _between anthracene units as 
- --
I 
I 
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shown in Table 3 .1, the splitting beb..,reen ~- ( sym) and ~- ( antisym) 
increa.s es as R decreases, with Ej (syrn) - ~- = Ej - Ej (antisym) . Thus 
for calculations of electronic transitions in the supermolecule between 
E· (sym ) 
J antisym and 
E· (sym ) 
1 antisym with the same polarizations as for 
E· + E· ) i 
of the monomer only the Ej ( sym) + Ei ( sym) and Ej ( antisym) + Ei ( antisym) 
transitions need be considered . Since for each R , a' merely varies the 
energy zero for the symmetric levels and for the antisymmetric levels, it 
may again be neglected . 
In anthracene the energies of the primary transitions are 
3 . 4a 
Ei· + 1 3.4b 
where j = 7 for the highest filled molecular orbital . Each monomer 
excited state is therefore split and the energies for the 
are given by : 
transition 
Ej +1 - ~- (sym) = (S+S ') (rr, -rry +1) 3. 5a 
Ej + 1 - Ej ( antis ym) - ( S-S ' ) ( l7lj - 1 -rry + 1 ) 3.5b 
while those of the lL b transitions ar'e given by similar expressions. 
These results are shown . in Figure 3 . 2 and reveal that the excimer states 
have converged to those of the monomer by R = 4 . 660 A . The effects of 
type intermolecular resonance terms are not so great as those produced by 
including only sigma-type intermolecular resonance along with sigma-type 
overlap as shown in Figures 1 . 16a and 1 . 16b . However, pi - type intermole-
cular resonances are significant enough to produce frequency shifts in 
. pl 
excimer fluorescence from monomer fluorescence of 
-1 3200 cm and 5200 -1 cm 
for the transitions respectively at R = 3.0 A Thus 
before a true assessment of the applicability of a supermolecule Huckel 
treatment of the anthracene excimer is possible, it will be necessary to 
perform an extended Huckel calculation including pi-type intermolecular 
resonances . 
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Figure 3. 2 
Transition energies for anthracene excimer 
for simple Huckel model . 
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3.3A Self-Consistent Field Theory in the Pariser-Parr-Pople Approximation 
Within the framework of the crude Born-Oppenheimer approxi ation the 
electronic energy levels for a molecule in a fixed nuclear configuration 
may be obtained from a solution of the Schrodinger equation with a 
Hamiltonian operator containing electron kinetic energy , electron-nuclear 
attraction, and electron-electron repulsion terms as shown in equation 3.6. 
where 
H = 
h2 z e
2 
_ \ 'iJ. 2 _ \ \' _s __ + t 
2m ~ i l 4 r 5 i 
'Z, s 'Z, 
3.6 
When dealing with a closed shell system with 2N electrons such as 
anthracene, the electronic wavefunction is conveniently written as a Slater 
determinant as in Chapter Two . 
3.7 
Since the electronic Hamiltonian operator shown in equation 3 . 6 contains 
two-electron terms representing electron-electron repulsion , use of a wave-
function which consists of products of one-electron configurations will not 
yield exact solutions to the wave equation . This incompatability between 
one-electron functions and two-electron operators is resolved by reducing 
the Hamiltonian operator by a variational procedure to an optimal set of 
one-electron operators with the resulting one-electron equations (equation 
3.8) known as the Hartree-Fock equations . 
A 
F( i ) lJ). ( i) = E· lJJ· ( i) J J ] 3. 8 
A 
F( i) is an effective Hamiltonian for electron . 'Z, ln the jth configura-
tion , dependent on the average coulomb field of the other electrons . The set 
of 2N simultaneous equations that are represented by equation 3 . 8 are 
solved by an iterative process starting with some approximate form for the 
wavefunctions (e . g . Huckel functio s ) to give an initial guess for the 
electronic states of the molecule . The wavefunctions are refined until the 
sum of the differences of corresponding wavefunctions for two successive 
I 
I 
11 
'I 
I 
........ 
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cycles is less than some specified limit . When such convergence is 
achieved the eigenfunctions are said to be self-consistent . 
For aromatic molecules with closed shell configurations, the electrons 
can be separated into two orthogonal sets, the sigma type (s, 2Px , 2Py) 
electrons and the pi type (2pz) electrons . Molecular orbitals for the pi 
system can then be written as linear combinations of 2pz atomic orbitals. 
1J> , = l C ·µ<Pµ 3. 9 
J µ J 
In terms of this atomic orbital basis set the energy of the jth 
configuration is given by : 
3 . 10a 
3.lOb 
where Heare is the kinetic and potential energy for the nuclei and sigma 
,I'\. ,I'\. 
electrons . J and K are electron repuls ion terms defined as: 
J - < cj,µcj,µlr~i jcpvcj,·} 
K = < q,i) ).-i I q,iv > 
3.lla 
3.llb 
The resulting secular equation , known as Roothaan ' s equation , has the form: 
IF c . - E . LS c. = 0 
v µv J v J v µv JV 
3.12 
Pariser and Parr36 and Pople 37 simplified the form of Roothaan 's 
equation by eliminating the three- and four-center integrals and setting 
all two-center integrals that depend on the charge distribution on differ-
ent atoms equal to zero . In this zero differential overlap (ZDO) 
approximation , atomic overlap is neglected so that: 
S = J ¢ ¢ dT = 8 µ v µv 3.13 
78 
YµA~v =ff ¢µ(i)¢A(i) ~~ ¢~(j)¢v(j)d1'idl'j 
= 0 µAO s \) y µ \) = < µ µ I \)\) > 3.14 
Equation 3 . 14 is consistent with an earlier approximation proposed by 
Mulliken 35 which presented a method for evaluating electron repulsion terms 
as follows: 
J J ¢ ( i ) ¢ 1 ( i ) ~ ¢ t_- ( j ) ¢ ( j ) d2.1 • dT . µ /\ r; j s v i, J 
( I ct> s c j ) I 2 + I ¢ v c j ) I 2 } dJ.1i d2.1 j 
If atomic overlap is neglected, this equation reduces to equation 3.14 
= OµVOsV [ff ~cp (i)2 ~ 2¢ (j)2dJ.7.dJ.7 .) 
4 µ I1i j V i, J 
3.15a 
3.15b 
Using the ZDO approximation, Roothaan's equation can be expressed as 
E.C. 
J J\) 3.16 
where 
F vv = 
Hcore + p y + PµµYpv \)\) \)\) \)\) 3.17a 
F = 
Hcore if µ f \) bonded µv µv 
- ~ p y µv ]JV 3.17b 
= 0 otherwise 
The choice of including only bonded neighbor interactions is arbitrary but 
since the resonance effects are a function of both distance and overlap, 
F decreases rapidly with increasing separation of the site3 . This µv 
assumption, although similar to the one of Huckel theory , does not imply 
that Sµv(SCF) equals Sµv(Huckel) since the Huckel term must compensate for 
the implicit inclusion of electron repulsion. Pµv is known as the pi-bond 
order and is given by : 
3.18 
Within the framework of this theory the pi- bond order indicates the amount 
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of pi-electron density centered between atoms µ and V and is thus a 
measure of the pi-bonding . 
by p = q • µµ µ 
The pi-electron density on atom µ . . is given 
Using these approximations, the numerical values for the necessary 
integrals must be carefully chosen to avoid contradictions. Investigation 
of the individual terms produced by expanding the Fock matrix elements gives 
an indication as to the parameterization values which should be chos en . The 
diagonal elements given in equation 3 . 17a can be explicitly written as 
3.19 
The first term represents the kinetic energy of an electron at site µ and 
the potential energy of this electron due to the nucleus and sigma electrons 
on site µ . This term is therefore numerically set equal to the negative 
of the ionization potential of the atom at site µ . 
The second term represents the amount that the charge density 
penetrates the core of atom V and is refered to as a penetration integral. 
For aromatic systems all carbon atoms are assumed to be equivalent; thus if 
each nucleus is totally shielded by five inner-shell electrons, the net 
charge for each nucleus is +l . By further assuming an even distribution 
of the pi-electrons , that is one electron per center for aromatic hydro-
carbons, then q - 1 µ is the net charge on atom µ. The second and fourth 
terms can be reduced to: 
Since qv = +l , equation 3.20 is set equal to zero. The diagonal 
matrix elements can now be expressed as 
and 
F - U + kP y µµ µµ 2 µµ µµ 
= -(I . P.) + h µµ 
. is referred to as the one-center coulomb integral. 
3.20 
3.21 
3.22 
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The off diagonal terms, Fµv , can be written as: 
In the ZDO approximation the second term in equation 3.23 is neglected 
reducing the equation to 
F = Score 
µv µv 
with score taken to be constant . 
3.24 
Evaluation of the electron repulsion integrals has been the subject of 
much controversy . The one-center coulomb integral can be evaluated 
analytically using Slater 2pz functions with the effective charge 
Z = 3 . 18 to give a value of 16.90 ev . Using valency arguments Pariser38 
showed that could be expressed as the difference in the ionization 
potential and the electron affinity of the carbon 2pz electron, resulting 
in a value for ·yµµ of 10.96 ev . The numerical difference in these two 
methods has been attributed to the neglect of sigma-pi interactions in the 
latter treatment . 
Two-center coulomb integrals have also been evaluated by using Slater 
orbitals with an effective charge of 3 . 18 or semi-empirically using either 
expressions 3 . 25a or 3 . 25b . 
1 
= 
Rµv 
3.25a 
3.25b 
Equation 3 . 25b was suggested by Mataga and Nishimoto 39 where aµv is an 
empirical constant for a particular type of atom. Numerical values for 
these integrals using either of the semi-empirical exnressions are calculated 
us ing a uniform spherical point charge model . The results of such calcula-
tions for the electron repulsion integrals of benzene are compared in 
Table 3 . 2 . 
I 
I 
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Table 3. 2 
Electron Repulsion Integrals for Benzene 
Slater orbitals Pariser uniform charge sphere 
Z=3.18 3.25a 3.25b 
16. 93 ev 10.96 ev 11.13 ev 
9 . 0 3 6.70 5.33 
Y1-3 5.67 5.68 3.85 
4. 97 4. 9 8 3.50 
The Values Of acore t f 0 t +h 1 · d · 1 d µ necessary o i ~ e two owest excite sing et an 
triplet states of the benzene and ethylene spectra are 2.37 ev and 
2.78 ev respectively. 
The secular equation 3.12 is then solved by an iterative scheme 
consisting of the following steps : (1) make an initial estimate of the 
molecular orbitals; usually a Huckel basis is used; (2) calculate the 
bond order matrix, P · , ( 3) calculate the F matrix ; (4) calculate the 
electron repulsion integrals; (5) solve the secular equation resulting in 
roots E· i and new estimates for the molecular orbitals ; and (6) repeat 
steps (2) to (5) until the energies of successive interations have converged 
to an acceptable limit. 
Using this procedure the total energy is given by 
3.26 
where E· J is the energy for the jth solution oft e secular equation or 
the jth configuration. 
By rearranging equation 3 . 10b, the J and K integrals can be 
expressed in terms of one-electron operators where 
I ( 2Jj k -Kj k) = I l C . C. (F -Heare) 
k 
J µ JV µV V µ \) 
3.27 
Substituting this into equation 3 . 26 , the total grow d state energy is given 
by 
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- t l l p [F -Hcore] 
µ v µv µv µv 
3 . 28 
In summary , the total electronic Hamiltonian is approximated using the 
Hartree-Fock and Roothaan method ; however , since electron repulsion terms 
were included in the approximate Hamiltonian operator , the resulting 
solutions are not eigenfunctions of the Hartree-Fock equations . The 
calculated eigenfunctions are a set of molecular orbitals into which the 
electrons are distributed with each particular distribution of electrons in 
the orbitals referred to as a configuration . 
The method of configuration interaction is based on the principle that 
if the eigenfunctions are approximate and not exact solutions to the 
Schrodinger equation , the more complete the basis set used to approximate 
the eigenfunctions the better the approximation. Thus eigenfunctions 
composed of linear combinations of the previously calculated molecular 
orbital solutions will represent a more complete basis set . At first glance, 
the size of the problem seems enormous although the number of non- zero 
interactions is greatly reduced by using the symmetry , spin multiplicity, 
and energy spacings of the various configurations . Since the Hamiltonian 
includes no spin orbit coupling terms , states of different spin multiplicity 
do not interact . Secondly, configurations that belong to different 
irreducible representations of the molecular point group do not interact; 
t his restriction implies that the ground configuration ( A 1g ) will not 
interact with any nontotally symmetric excited configuration . Furthermore 
by Brillouin ' s theorem 42, the ground configuration is sufficiently well 
determined that it does not interact with any singly excited configuration . 
Thus if the configuration interaction matrix is restricted to singly excited 
configurations , the ground state will not interact . 
The state energies, s' , arising from singly excited configurations 
are given by: 
£' = <xlf ix> 
< X X > 
3.29 
where x represent0 the excited state wa 1efunction and is given by a linear 
I 
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combination of the configurational wave functions: 
3.30 
where the wavefunction for configur ation r , \fl,. , is expressed as a Slater 
determinant. 
l 
= N 3 .31 
where electron n + l has been excited from the ith to the kth mole-
cular orbital. 
Interaction between two excited configurations, . t, and j , of the 
same symmetry can be significant. If the two excited configurations invol-
ved are degenerate , configuration interaction is called first order and will 
symmetrically split them into excited states with wavefunctions repres ented 
as 
1'\ l = - ( \}Ii +1'j ) 12 
1J; l - - ( \}'. -1'· ) -
. i J 
v'2 
and with energies given by 
- E. + H . . 
t, t-J 
= E . 
J 
The corresponding transition moments may combine constructively or 
destructively so that 
Mtµ = (~+f1·) 
+ 
3.32a 
3.32b 
3.33a 
3. 33b 
3 . 34a 
3 . 34b 
Thus two transitions that were previously calculated to be degenerate and of 
equal intensity will , after inclusion of configuration interaction, split 
into an allowed transition and one that is dipole forbidden . Interactions 
between non-degenerate configurations, known as second-order configuration 
interaction , similarly push the energies of the interacting configurations 
I 
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apart but usually much less than for the first-order splitting of degenerate 
configurations. Examples of both first and second order configuration 
interaction effects in anthracene are shown in Figure 3 . 3. 
Figure 3.3 
E(ev) 5.1005 5 . 0508 
5.0 . A+B A+B - / r 
/ 
" 4. 49 85 I ~ 
6+8 7e9 ',) A 
'\ 
' 3.8865 
' 4.0 ,__ .. A-B ' .. .... 3.6771 ... , .. 
3. 6134 3. 6134 A-B 3 . 4547 7-+8 7-+8 ...... -- 7-+8 
3.0 
Before C.I. 1st Order C. I . 2nd Order C.I. 
Anthracene Monomer 
3.3B PPP Treatment of Anthracene Dimer 
The PPP method with configuration interaction is a logical choice for 
examining the anthracene excimer since this method generally yields values 
for the excitation energies in good agreement with experimental results. 
Although more elaborate methods such as CNDO or ab initio methods, where a 
larger basis se t or non empirical parameters are used , are necessary to 
determine with any reliability the absolute ground state energy . They are 
not practical to use here because of the size of the molecule and the amount 
of computer time that would be required to solve the equations . Furthermore 
the primary concern of this work is to analyse the excimer spectra and not 
obtain absolute energies . This section will therefore deal with the 
application of the semi - empirical PPP method to the anthracene excimer . 
The excimer was assumed to have a sandwich type geometry (see Figure 
1.11) with separation R between anthracene monomer units with bond lengths 
of 1.41 A and angles idealized to conform to three regular hexagons . If 
Ii 
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the carbon centers are numbered as in Figure 1 . 1 and A represents one 
monomer and B the other , the Hamiltonian of the excimer is evaluated as: 
A 
H total 
A 
H(A) 
= H . 3 . 35a 
excimer 
= 
+ + ~ - ~ I I \ -h 2 2 + l --V 
. 2m i 8 1--B 
+ + 3 . 35b 
A A A 
= H(A) + H(B) + H' 3 . 35c 
A 
and H(B) are the intramolecular terms or more explicitly the 
Hami l t onian of an anthracene free molecule and H' is the intermolecular 
inter action ter m to whi ch the stabilization energy is attributed . 
The anthr acene excimer Hamiltonian matrix can be blocked into monomer 
and interaction elements . Since the interaction terms, those that arise 
A 
f r om H' , are expected to go to zero as the separation R is increased, at 
large separations the excimer states should converge to degenerate pairs of 
anthracene monomer states . 
A 
The intPamolecular Hamiltonian matrix elements using the form of H 
given by equations 3 . 35a and 3 . 35b involve zero , one , and two electron terms 
and are given by : 
J ~A·H<A)1AdT = J J ~ cjµ~µAH<A) J ~ cjµ~µAdT 
=II IC . C . J ¢ (i) z2e2 + 
j µ i Jµ JV µA rµAvA 
The first term is the nuclear nuclear repulsion term and is independent of 
the positions of the e~ectrons , so that 
3 . 37a 
= 0 if µ ¥ V because of the ZDO approx . 3 . 37b 
while the remaining terms are given by: 
I 
I 
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+ 
( e2 + ¢ ( . ) ¢ ( . ) ¢ ( . ) ¢ ( . ) dT. dT . 3. 3 Ba J µA 1., µA J r . · VA 1., VA J 1., J 
1., AJA 
3. 38b 
3.38c 
The intermolecular terms are evaluated using the interaction 
,A 
Hamiltonian, H' , given in equation 3 . 35b. The F matrix elements are 
similarly given from equation 3 . 17a and 3 . 17b. 
- J ze
2 2 
¢µA ( i) + 
ze 
cp ( .)dT . -S'core . = 
r 1., r v 1.- \JB 1.- 1.- µAµB µA B 
if µ - \) 
= 
-S"core 
µAVB 
if µ bonded to \J 
= 0 otherwise 
The parameters for the intramolecular terms were chosen to fit the 
spectra of benzene.: 
score 
- 2 . 371 ev -
Yµµ - 11 . 13 ev - I - A - -
a - 11 . 16 ev - valence state ionization potential - - . 
he in termolecular terms taken from 1 otani et al. 28 while at large were 
3.39a 
3.39b 
3. 39c 
3 . 39d 
3.39e 
3 . 39f 
distances of separation the off-diagonal terms were assumed to go as the 
overlap as determined by Mulliken et al. 35 
The PPP calculation was carried out using the SCF- MO-CI program of 
(,. 
i1oor and Gi ltson 40 which includes second order configuration interaction . 
t· ul ticentered electron repulsion terms were given by the method of Mataga 
and 1ish imot5 9 ( equation 3 . 25b ). 
I 
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The results for anthracene monomer compar·ed to the experimental value s 
are given in Table 3 . 3 . The agreement between the calculated and experi-
mental transition energies is quite good , although as generally found in 
molecular orbital calculations , the calculated oscillator strength is over-
estimated by about three times . 
exp . 
27 , 000 
? 
39 , 000 
Tabl e 3 . 3 
Comparison of primary transitions between experimental values 
and those calculated using the PPP method with 2nd order C. I . 
'J ( cm- 1 ) 
calc . 
27 , 870 
29 , 660 
40 ,740 
Polarization 
exp . calc . 
1 B2u 1 B2u 
? 1 B3u 
1 B3u 1 B3u 
f-value 
exp . 
0 . 1 
? 
. 
2 . 3 
calc . 
0. 309 
0 . 000 
2 . 857 
The numerical values for the anthracene excimer intermolecular matrix 
elements are given in Table 3 . 4 as a function of R. and 
are given by equations 3 . 37a and 3 . 37b . 
Tabl e 3 . 4 
Calculated values for intermolecular resonance integrals 
R ( A) 
2 . 330 
2 . 663 
2 . 829 
3 . 162 
3 . 495 
3 . 822 
4 . 160 
1 . 913 
1 . 196 
0 . 926 
0 . 525 
0 . 290 
0 . 151 
0 . 078 
0 . 741 
0 . 507 
0. 404 
0 . 249 
0 . 144 
0 . 084 
0 . 042 
As in previous calculations , each monomer molecular orbital is split 
i nto two excir.1er molecular orbitals which are either symmetric or anti-
I 
.. 
i 
I 
r 
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symmetric with respect to inversion (see Figure 1.11). An example of this 
is given in Table 3 . 5 where only the energies arising from the highest 
bonding orbitals are shown . 
monomer 
-8 . 519 
Table 3.5 
The splitting of the energy of the highest bonding molecular 
orbital as a function of R 
3 . 822 3 . 495 3 . 162 
-8.334 -8 . 170 -7. 892 
-8.704 -8.868 - 9 . 147 
2.829 2 . 663 
-7.428 -7 . 116 
-9 . 611 -9.657 
2. 330 
-6.307 
-9.816 
0 
R(A)/E(ev) 
The energies of the various singly excited configurations are shown in 
Figure 3 . 4 and listed in Table 3 . 6 . They are modified by using second order 
configuration interaction where the coefficients of the configurations that 
contribute most significant1y ( C· · > 0 . 1) 
' J 
are shown in Table 3.7. The 
form indicates a singlet transition f rom ~ with to lJ;j . 1,, 
assuming values between and 14 and l . J values between 15 and 2 8 • 
The final energies of the singly excited states after configuration inter-
action are given in Table 3 . 8 and schematically shown in Figure 3.5. 
Monomer 
Energies of 
3.822 
3 . 7340 
3 . 5960 
5 . 0229 
4 . 7846 
3 . 495 
3 .7 453 
3 . 50 80 
5 . 0670 
4 . 65G9 
Tab le 3. 6 
and 
3 .162 
3. 79 32 
3 . 3830 
5 . 1730 
4 . 4536 
configurations 
2.829 
3 . 8824 
3 . 2174 
5 . 348 
4 . 1<)69 
2. 663 
3. 9485 
3.1139 
5.4719 
4 . 0253 
2 . 330 
4.1057 
2 . 8869 
5 .7584 
3 . 6173 
) 
.0 
2. 2, 
89 
.2 
) 
Figure 3.4 
u 
Configuration energies of anthracene sandwich di me r. 
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Figure 3 . 5 
State energies of anthracene sandwich dimer as a function of 
distance of separation R. 
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Table3.7 
Coefficients of the lJJi + ~ configurations that contribute significantly 
to the total excited state wavefunctions 
R (A) E (ev) 
2.330 2.6446 7-15 
14-18 
3.8606 7-15 
14-18 
13-21 
10-24 
2.663 2.9046 9-15 
14-17 
3. 79 54 9-15 
14-17 
13-19 
2.829 3.0226 11-15 
14-16 
3.7502 11.15 
14-16 
3.162 3.2171 13-15 
14-16 
3.6751 13-15 
14-16 
3. 495 3.3715 13-15 
14-16 
3.625 13-15 
14-16 
3. 8291 3.4789 14--16 
3.6115 13-15 
C·. 
i 1 
-.249 
. 9 55 
.884 
.183 
-.349 
-.140 
.267 
.953 
.924 
-.228 
-.227 
.277 
. 951 
. 9 30 
-.243 
.283 
. 950 
. 937 
-.254 
-.239 
. 962 
. 95 3 
.212 
.984 
. 984 
% of total wavefunction 
6.2 
91.2 
78 .1 
3.3 
12.2 
2.0 
7.1 
90.8 
85.4 
5.2 
5.2 
7.7 
90.4 
86.5 
5.9 
8.0 
90.3 
87.8 
6.5 
5.7 
92.5 
90.8 
4.5 
96.8 
96.8 
As discussed in Chapter one, there is experimental evidence that the 
excimer is the source of the broad structureless emission at 21,000 
-1 
cm 
which is red shifted by approximately 6000 -1 cm from the frequency of the 
corresponding monomer emission and retains B2u symmetry . The present 
calculation shows that the lowest dipole allowed transition is also B2u 
polarized but the separation required to give a transition energy of 
-1 A 21,000 cm would be less than 2 . 663 . Such small separations are out-
side of the range where this type of calculation might be expected to be 
applicable. At small separations, the excimer is undergoing a transforma-
tion whose final product is dianthracene with a determined crystal structure 
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Tab le 3. 8 
Ener??;ies of and transitions with f-value in parenthesis 
Monomer 3 . 822 3.495 3.162 2.829 2.663 2.330 R(A.)/E(ev) 
1 B2u 
3 . 4 789 3.3715 3.2172 3.022G 2.9046 2.6446 
( . 290) ( .14 7) ( .121) ( .117) ( .116 ) ( .110) 
3 . 4547 
( . 309) 
3 . 6115 3 . 6253 3.6751 3.7502 3.7954 3.8606 
( . 256) ( . 386) (.387) (.346) (.306) ( .179) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - -
1 B3u 
3 . 6672 3 . 6459 3. 5 800 3.4254 3.2961 2.9564 
(-) (-) (-) (-) (-) (-) 
3 . 6771 
(-) 
5 . 0 816 4 . 9 332 4.7299 4.L~585 4.2863 3. 89 82 
( . 806) ( . 84 7) (1.010) (1.147) (1.196) (1.211) 
5 . 1448 5.0573 5 . 0054 5. 0 30 3 5. 0 880 5.2761 
(-) (-) (-) (-) (-) (-) 
5 . 0508 
( 2 . 857) 
5.4250 5.5051 5.6366 5.8291 5.9529 6 .2 817 
(5 . 223) ( 5 .221) (5.0 92 ) ( 4 . 9 L~ 7) (4.783) ( 3 . 910) 
shown in Figure 3.6. In dianthracene the two anthracene units are chemically 
bonded (at the 9 and 10 positions) with a bond length of 1.6 A and are 
bent outward by 23° (see Figure 3.6). This structure shows that the 
carbon atoms at 9 and 10 positions have rehybridized to essentially pure 
sp 3 forms and thus seDarate the pi electron delocalization into four benzene 
like units. Since the PPP calculation is restricted by considering only pi 
electrons, it can not adequately compensate for rehybridization which must 
occur as a continuous process. In anthracene the carbon 2pz orbitals are 
orthogonal to the sp 2 hybridized orbitals but as the dianthracene limit is 
approached the two anthracene units bend so that sigma-pi separability and 
semi-empirically determined values for certain integrals are no longer 
applicable. The breakdown in such a pi only calculation, when the effects 
due to small separations between units becomes i mportant, is observed in 
slight inconsistencies in the coeffici~nts for the molecular orbitals as 
b 
t 
I 
--c-, C 
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Figure 3.6 
Projection of structure of dianthracene along crystal axis a. 
Schematic diagram of dianthracene showing 
covalent bonds between atoms 9- 9' and 
atoms 10-10'. For bond distances and 
angles see Fig . 4 . 2 . 
Projection of dianthracene 
on a plane normal to the 
molecular axis 1. 
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shown in Table 3 . 9. 
Table 3. 9 
Coefficients for the tenth molecular o<rb ital of the anthracene sandwich 
dimer illustrating the non-convergence of the SCF-LCAO method over a range 
of intermolecular separations R. 
R=2 . 330 A. R=3.495 A. R=4.160 A. R=8.330 A. 
10 1 - . 198101 10 1 -.000959 10 1 -.288212 10 1 .000000 
10 2 - . 089785 10 2 -.237397 10 2 -.153347 10 2 .000000 
10 3 . 089750 10 3 - . 237396 10 3 .151998 10 3 .000000 
10 4 .198086 10 4 -.000958 10 4 .288208 10 4 .000000 
10 5 . 198085 10 5 . 000 95 7 10 5 -.288208 10 5 .000000 
10 6 . 089 752 10 6 .237396 10 6 - . 151997 10 6 .000000 
10 7 - . 0 89 7 86 10 7 .237397 10 7 .153347 10 7 .000000 
10 8 - . 198100 10 8 . 000960 10 8 .288213 10 8 .000000 
10 9 - . 278812 10 9 . 000001 10 9 -.000001 10 9 .000000 
10 10 . 278833 10 10 - . 000000 10 10 -.000001 10 10 .000000 
10 11 - . 197045 10 11 . 261996 10 11 -.135731 11 11 .00 0000 
10 12 . 197061 10 12 .261996 10 12 .137226 10 12 .000000 
10 13 . 197061 10 13 - . 2619 97 10 13 -.137227 10 13 .0 00000 
10 14 - . 197044 10 14 -.261995 10 14 .135731 10 14 .000000 
10 15 - . 198100 10 15 . 000959 10 15 -.288205 10 15 -.407600 
10 16 - . 089786 10 16 . 237396 10 16 -.151995 10 16 -.215770 
10 17 . 089752 10 17 . 237396 10 17 .153346 10 17 .215770 
10 18 . 198085 10 18 . 000958 10 18 .288210 10 18 .40759 9 
10 19 . 198086 10 19 - . 000959 10 19 -.288209 10 19 -.407600 
10 20 .0 89751 10 20 - . 2 3739 6 10 20 -.153345 10 20 -.215769 
10 21 - . 089786 10 21 -.237 397 10 21 .151996 10 21 . 215771 
10 22 - . 198101 10 22 -.000959 10 22 .288205 10 22 . 407599 
10 23 - . 278812 10 23 .000000 10 23 ·-. 000001 10 23 . 000001 
10 24 . 278833 10 24 - . 000000 10 24 -.000000 10 24 . 000000 
10 25 - . 197044 10 25 -.261996 10 25 -.137225 10 25 -.193148 
10 26 . 197060 10 26 -.261996 10 26 .135729 10 26 .19 3149 
10 27 .197061 10 27 .261996 10 27 -.135729 10 27 -.193149 
10 28 - . 197046 10 28 .261996 10 28 .137225 10 28 .19 3148 
As the separation between anthracene units increases , this calculation 
again is insufficient to describe the actual physical situation. Since the 
excimer retains the D2h symmetry of the monomer , atoms in similar chemical 
environments are assumed to be equivalent ; thus in each molecular orbital 
the absolute values of the coefficients for equivalent sites are the same . 
. 
If the separation of the two units is large enough such that there is 
negligible interaction between them, the eigenvalues, molecular orbitals, 
and state energies would be those for degenerate sets of monomers . This 
implies that the contributions of unit A to molecular orbital 
. 
-i would 
decrease with an accompanying increase in their effect on molecular orbital 
..... 
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i + 1 , thus there is a continuous change as a function of distance . 
However , the symmetry of the excimer prevents this continuous change from 
occuring . Furthermore anthracene has D2h syrmnetry but is always symmetric 
with respect to inversion through the center of the molecule and will only 
display a limited set of irreducible representations as shown in Table 3 . 10 . 
On the other hand , the excimer may be either symmetric of antisymmetric with 
respect to inversion and its molecular orbitals will exhibit all the 
irreducible representations of the D2h point group as shown in Table 3 . 10. 
Table 3.10 
Correlation of anthracene monomer and excimer irreducible representations 
Monomer Excimer 
Ag Ag ' Biu 
Big Big' Au 
B2u B2u , B3g 
B3u B3u , B2g 
These two inconsistencies that arise when the intermolecular electron 
density begins to decrease substantially ( separations greater than 4.16 A) 
are again observed by their effects on the molecular orbital coefficients as 
shown in Table 3 . 9 . It is therefore necessary to extrapolate between large 
separations which yield two monomer solutions and distances where the PPP 
calculation is valid . 
Chandra and Lim 8 were one of the first workers to use the supermolecule 
approach to explain the excimer fluorescence . Using Huckel formalis~ and 
incorporating electron repulsion interactions , they showed that each monomer 
molecular orbital is split into two components as shown in Figure 3 . 7 . 
Configurations ~1 , ~2 , ~3 , ~4 as shown in Figure 3 . 7 were the only ones 
considered in the configuration interaction matrix . The resulting wa ve-
funct ions and their symmetries are given as : 
r""'j 
, . 
I~ 
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. . 
. 
a 
- (l+~) ( lJJ1 +>.. 1 lJJ4 ) 35a 
B3g 
p = (_l+~) (1!J1+A2lJJ4) l .. 35b 
1 y = - ( lJJ2 +l)J3 ) l .. 35c 
12 
B2u 
0 l = - ( lJJ2-lJJ3 ) 1.35d 
12 
-Figure 3. 7 
Schematic diagram of coufigurational excitation energies . 
lJJ2 lJJ 4 
, 16(Ag) 
8(Ag) 
ljJ l l)J3 l5(B1u) 
,, 
~ 14 (Bzu ) 
- 7 (B2u) 
l3(B3g) 
Since either the a or 6 states could be responsible for the excimer 
fluorescence , they fit the spectra for S' and calculated the separation 
between units that would be required if either state were emitting. Their 
results are shown in equation 3 . 40 for the anthracene excimer. 
E( 1 La monomer) - E( excimer) - 0 . 94 ev 
S' = 0 . 40 ev 
3.40 
The a state was concluded to be responsible for the excimer emission since 
it required a separation of 3 . 5 A while the 6 state would require a 
separation less than 2 . 5 A . 
The uresent calculation shows similar results. The excimer 
.. 
fluorescence can be fit by a dipole allowed transition if the separation is 
assumed to be 2 . 330 A as shown in Table 3,11 . 
--
,.,.. -
1, 97 
Table 3. 11 
Anthracene Excimer Transition Frequencies 
State 
1 B2u 
Experimental 
20,400 
49,600 
-1 
cm 
Calculated (R=2.33 A) 
21,160 
50,080 
-1 
cm 
These transition energies compare very well but again as Chandra and Lim 
conclude require a separation which is too small to be physically realistic. 
Both the -1 6000 cm red shift in excimer fluorescene and the delay time in 
excimer fluorescene after excitation of 50-100 picoseconds as shown in the 
recent time resolved spectra of Hochstrasser and Wessel22 are consistent 
with a significant change in geometry between the excimer and the sand-
wich dimer . Hochstrasser and Wessel state that a contraction in anthracene 
W' 
unit separations of a few tenths of an Angstro~ would be consistent with 
their results, and provides an experimental basis to rule out an excimer 
separation as small as 2 . 33 A . 
-
..... 
4.1 Introduction 
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CHAPTER FOUR 
It has been speculated that the excimer state is a stable intermediate 
in the photodimerization process of anthracene . The crystal structure of 
41 
dianthracene has been determined and is shown in Figure 4.1. Although it 
belongs to the same symmetry group D2h, as the free molecule, the detailed 
structure suggests that the intramolecular forces that stabilize the 
dimeric molecules are of different origins . The anthracene free molecule 
is appreciably stabilized by conjugation effects . Each carbon atom can be 
approximated as an sp2 hybrid with one electron remaining in the unhybri-
dized p orbital perpendicular to the plane of the sp 2 orbitals. Valence 
electrons in such molecules are thus divided between o and TI electron 
systems with electron correlation between o and n electrons neglected. 
This hybridization scheme is consistent with the known planar structure of 
anthracene and allows stabilization by resonance effects . The other 
extreme , dianthracene, is formed when two anthracene monomers are covalently 
bonded, via two sigma type bonds, between atoms 9A and 9B and between lOA 
and lOB . Such a structure requires a rehybridization of carbon atoms 9A, 
9B ' lOA ' and lOB to sp 3 hybrids in order to explain the nearly tetrahedral 
arrangement of bonds about these atoms . The geometry of dianthracene shown 
in Figure 4 . 1 indicates that each anthracene monomer unit is folded about 
an axis through atoms 9 and 10 with these atoms bonded to the corresponding 
atoms on the other monomer unit such that the ends (atoms 2, 3, 4, etc.) 
are at greater separations than the bonded atoms. The formation of the 
two sigma bonds~ resulting bending of each monomer portion of dianthra-
cene restricts the resonances possible to those of four separated benzene-
like rings . 
Since anthracene is one of the few aromatic hydrocarbons known to 
photodimerize, studies of its excimers, suspected intermediates in the 
formation of dianthracene , have been both interesting and numerous as 
..... 
Figure 4ol 
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Crystal Structure of DiantBra cene with bond 
distances( ~ ) and angles ( )o ( Refo 41 ) 
R 
Fi gure 4o2 Projection of dianthracene or distorted sandwich 
dimer on a plane normal to the molecular axis M. 
,... 
J 
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summarized in Chapter One . Such studies have been further complicated by 
the "hidden" B2u transition in the free molecule which is dipole forbidden. 
Since the polarization direction of the excirner band has not been experi-
mentally determined, the nature of the transition upper state has not been 
confirmed. Extension of the treatment of the sandwich dimer given in the 
previous chapters to dianthracene requires formal consideration of the far 
reaching effects on the electronic structure produced by bond formations 
and geometrical changes. Such effects necessitate an all-valence-electron 
calculation and cannot be adequately treated within the limits of the PPP 
calculation. 
While recognizing the limitations of a pi-electron treatment for 
consideration of the formation of dianthracene via a sandwich intermediate, 
we shall in this last section attempt to investigate in a very limited 
sense the effect on the electronic structure of distortion from planarity 
of the monomer units of the sandwich dimer. More exactly, only small angle 
changes will be considered as for the initial departure from planarity, so 
that consequences of the breakdown of sigma- pi separability might still be 
negligible and only those forces due to electrons in p orbitals which 
will either stabilize or destabilize the various excited states of the 
excimer need be considered. 
4.2 Anthracene Excimer with Minimal Distortion from Planarity 
The formalism of the PPP method outlined in Chapter Three will be 
used to determine the transition energies for a perturbed sandwich con-
figuration. A sign convention is established such that the bending motion 
resulting in the ends of the monomer units approaching each other occurs 
with a negative angle, a , and viceversa (see Figure 4 .2). The sigma-pi 
separability within the framework of a pi-electron-only calculation must be 
maintained and thus the intermolecular atomic overlap can be reduced to an 
inclusion of sigma type effects where: 
4.1 
--
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. 
To maintain consistency with the former sandwich dimer calculation , only 
those intermolecular terms arising from interactions between atoms on 
corresponding sites in the two monomer units (i.e. lA - lB, 2A - 2B' etc.) 
and on intermolecular sites corresponding to bonded atoms of the monomer 
(i.e. 1A-2B ' lA-llB' etc . ) are included. These intermolecular Hamiltonian 
elements are represented as 
S . 2 in a. 
where a. is the angle of distortion (see Figure 4.2). 
4.2 
For a fixed intermolecular separation between the 9A-9B and lOA-lOB 
positions the molecule was distorted by the angle a. and the resulting 
changes in the intermolecular Hamiltonian matrix elements displayed in 
28 
Table 4.1 as calculated using the tables of Kotani et al. The variation 
in magnitudes of the coupling terms suggests that the intermolecular inter-
action terms are extremely sensitive to the amount of overlap and thus will 
show similar sensitivity to the choice of effective nuclear charge, Z. 
For these calculations Z = 3.18 was used to be consistent with the choi ce 
used in calculating the sandwich excimer transition energies in Chapter 
Three. 
The excimer transition energies were then calculated using the PPP 
method with configuration interation with the help of the computer program 
Q, 40 
of Bloor and G.y6son ; they are presented in Table 4.2 along with their 
calculated oscillator strengths. As pointed out in Chapter Three, for 
"supermolecule" type calculations the range of separation between monome r 
units is limited on account of physical properties of the excimer wh i ch 
cannot be adequately accounted for in the pi electron treatment. 
0 
If the intermolecular separation is of the magnitude of 4 A, t hen 
intermolecular resonance is small and the excimer approaches the limi t of 
two free non-interacting molecules. The LCAO scheme requires equival ent 
sites (those superimpos able through symmetry operat i ons of the point group) 
to make the same contributions to the molecular orbital, this r esults in 
the absolute values of the coeffi cients of atomic orbitals for equi valent 
r 102 
R (A) a(degrees) H9 9 (eV) H11 11 (eV) H1 1 ( eV) H2 2 ( eV) H9 11 (eV) A B A B A B A B A B 
2 . 330 
2 . 663 
2 . 829 
3 . 162 
3 . 495 
3 . 822 
4 .160 
- 4 . 0 
- 2 . 0 
o.o 
2 . 0 
4 . 0 
- 4 . 0 
- 2 . 0 
0 . 0 
2 . 0 
4. 0 
- 4 . 0 
-2 . 0 
o.o 
2 . 0 
4 . 0 
- 4 . 0 
- 2 . 0 
0 . 0 
2 . 0 
4 . 0 
- 4 . 0 
-2. 0 
0 . 0 
2 . 0 
4 . 0 
-4 . 0 
- 2 . 0 
0 . 0 
2 . 0 
4 . 0 
- 4 . 0 
- 2 . 0 
0 . 0 
2 . 0 
4 . 0 
1 . 915 
1 . 913 
1 . 915 
1 . 196 
1 . 196 
1 . 196 
1 . 196 
1 . 196 
0 . 922 
0 . 922 
0 . 926 
0 . 922 
0 . 922 
0 . 525 
0 . 525 
0 . 525 
0 . 525 
0 . 525 
0 . 286 
0 . 286 
0 . 290 
0 . 286 
0 . 286 
0 . 152 
0 . 152 
0 . 151 
0 . 152 
0 . 152 
0 . 078 
0 . 078 
0 . 078 
0 . 078 
0 . 078 
2 . 135 
1 . 913 
1 . 717 
1 . 537 
1 . 366 
1 . 196 
1 . 056 
0 . 917 
1 . 204 
1 . 062 
0 . 926 
0 . 808 
0 . 696 
0 . 705 
0 . 615 
0 . 525 
0 . 456 
0 . 387 
0 . 393 
0 . 339 
0 . 290 
0.246 
0 . 207 
0 . 213 
0 . 182 
0 . 151 
0 . 132 
0 . 112 
0 . 113 
0 . 095 
0 . 078 
0 . 067 
0 . 055 
2 . 356 
1 . 913 
1 . 520 
1 . 935 
1 . 537 
1 . 196 
0 . 916 
0 . 692 
1 . 547 
1 . 204 
0 . 926 
0 . 696 
0 . 518 
0 . 935 
0 . 706 
0 . 525 
0 . 387 
0 . 282 
0 . 534 
0 . 393 
0 . 290 
0 . 207 
0 . 148 
0 . 295 
0 . 213 
0 . 151 
0 . 112 
0 . 078 
0 . 153 
0 . 113 
0 . 078 
0 . 035 
0 . 033 
2 . 587 
1 . 913 
1 . 351 
2.377 
1 . 735 
1.196 
0 . 803 
0 . 512 
1 . 945 
1 . 374 
0 . 926 
0 . 606 
0 . 382 
1 . 220 
0 . 819 
0 . 525 
0 . 334 
0 . 204 
0 . 717 
0 . 462 
0 . 290 
0.177 
0 . 109 
0 . 405 
0 . 253 
0 . 151 
0 . 095 
0 . 055 
0 . 214 
0 . 132 
0 . 078 
0 . 044 
0.771 
0.741 
0 . 711 
0 . 567 
0.535 
0.507 
0 . 481 
0 . 457 
0 . 459 
0 . 432 
0.404 
0 . 383 
0.361 
0 . 285 
0 . 266 
0 . 249 
0 . 231 
0 . 216 
0 . 166 
0 . 155 
0.144 
0.133 
0.124 
0.098 
0.091 
0.084 
0.077 
0 . 071 
0.052 
0.047 
0.042 
0.037 
0.033 
Tabl e 4.1 Intermolecular Hamiltonian Elements for Small Angular 
Di stortions from Planar Configurations. (See Figure 4.2 
for definition of distortion angle, a.) 
·~ ...... 
• 
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0 (eV) Hl 11 (eV) (eV) (eV) R (A) a(degrees) Hll 12 H H 1A2B 2A 3B A B A B 
2 . 330 - 4 . 0 
- 2 . 0 0 . 800 0 . 833 0 . 891 0 . 916 
0 . 0 0 . 741 0 . 741 0 . 741 0 . 741 
2 . 0 0 . 678 0 . 645 0 . 590 0.560 
4 . 0 
2 . 663 -4 . 0 0 . 623 0 . 684 0 . 809 0 . 868 
- 2 . 0 0 . 565 0 . 594 0 . 651 0.684 
o.o 0 . 507 0 . 507 0 . 507 0 . 507 
2 . 0 0 . 455 0 . 429 0 . 381 0.360 
4 . 0 0 . 402 0 . 360 0 . 280 0.243 
2 . 829 - 4 . 0 0 . 508 0 . 568 0 . 690 0.750 
- 2 .0 0 . 458 0 . 483 0 . 538 0 . 568 
o.o 0 . 404 0 . 404 0 . 404 0 . 404 
2. 0 0.362 0 . 340 0 . 298 0 . 281 
4 . 0 0 . 317 0 . 281 0 . 215 0.186 
3 . 162 - 4 . 0 0 . 321 0 . 366 0.464 0 . 513 
- 2 . 0 0 . 284 0 . 301 0.344 0 . 366 
o.o 0 . 249 0 . 249 0 . 249 ff . 249 
2 . 0 0 . 217 0 . 203 0.175 0 . 164 
4. 0 0 . 189 0 . 164 0 . 123 0 . 108 
3. 495 - 4 . 0 0 . 192 0 . 220 0 . 288 0 . 326 
- 2. 0 0 . 166 o . 177 0 . 206 0.220 
o.o 0 . 144 0 . 144 o .. 144 0.144 
2 . 0 0 . 124 0 . 117 0.103 0.096 
4 . 0 0 . 110 0 . 096 0 . 069 0.059 
3 . 822 -4 . 0 0 . 112 0 . 126 0 . 170 0.196 
- 2 . 0 0 . 098 0.105 0 . 119 0 . 126 
0 . 0 0 . 084 0.084 0.084 0.084 
2 . 0 0 . 070 0 . 063 0 . 056 0.051 
4 . 0 0 . 061 0 . 051 0.032 0 . 026 
4 . 160 - 4 . 0 0 . 061 01071 0.098 0 . 113 
- 2 . 0 0 . 052 0 . 056 0 . 066 0 . 071 
0 . 0 0 . 042 0 . 042 0.042 0 . 042 
2 . 0 0 . 033 0 . 029 0.024 0.022 
4 . 0 0 . 027 0 . 022 
...... 
. 
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Table 4.2 State Energies of Distorted Excimer and Rate of 
Change per degree a 
0 
R(A) _40 -20 (dE/da)a=O 
2. 2 30 2.9564 3.0169 3.1568 .0704 
2.663 2.9729 3 . 1613 3.2961 3 . 3847 3.4429 .0549 
2 . 829 3 . 1528 3 . 3133 3.4254 3.4903 3.5346 .0431 
3.162 3.5249 3.5800 3 . 6116 .0271 
3.495 3.5869 3.6251 3.6459 3 . 6564 3.6630 .0073 
3.822 3.6604 3.6672 3.6709 3.6739 .0024 
4.160 3.6690 3.6759 3.6773 . 0017 
R(i) _ 40 -20 (dE/da ) a=O 
2.230 3.89 82 4.0211 4.1230 .0067 
2.663 3 . 9194 4 .1325 4.2863 4.3979 4.4902 .0646 
2 . 829 4 . 1247 4 . 3168 4.4585 4 . 5562 4 . 6391 . 0584 
3. 162 4.6271 4.7299 4 . 8094 . 0456 
3.495 4 .7632 4 . 8593 4 . 9332 4 . 9912 5.0413 .0324 
3 . 822 5 . 0250 5 . 0816 5.1270 5.1698 . 0248 
4 . 160 5 .10 80 5.2422 5.2742 .0 336 
State B1u ( 3) 
0 
R(A) _ 40 - 20 (dE/da) a=O 
2 . 230 5 . 2761 5 . 1012 5 . 0193 -.0111 
2 . 663 5 .1301 5 . 1361 5 . 0880 5 . 0247 4 . 9676 -.0304 
2.829 5 . 0648 5 . 0670 5 . 0303 4 . 9967 4 . 9713 -. 0195 
3 . 162 5 . 0023 5.0054 5 . 0120 5 . 0005 . 0042 
3.495 5 . 0031 5 . 0304 5.0573 5.0862 5 .1168 . 0139 
3.822 5 .1076 5.1448 5 . 1767 5 . 2106 . 0167 
4 . 160 5 . 1642 5 . 2714 5 . 3042 . 0268 
'! 
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State Blu(4) 
R(i )'l _40 -20 oo 20 40 (dE/da:) a=O 
2.230 6.2817 6.0721 5.9480 -.1262 
2.663 6.1149 6.0726 5.9529 5.8428 5.7351 -.0608 
2.829 6.0558 5.9385 5.8291 5.7326 5.6536 -.0519 
3.162 5.7193 5.6366 5.5656 5.4859 -.0367 
3.495 5.6294 5.5623 5.5051 5.4596 5.4222 -.0256 
3.822 5.4643 5.4250 5.3919 5. 36 35 -.0180 
4.160 5.4310 5.3435 5.3267 -.0219 
R(Jt) _40 -20 (dE/da)a=O 
2.230 2.6968 2.6Q68 2. 7106 . 035 7 
2.663 2.6230 2.7996 2.9046 2.9644 2.9992 . 0393 
2.829 2.7751 2.9268 3.0226 3.0796 3.1185 .0366 
3.162 3.1458 3.2172 3.2696 3.3307 . 0286 
3.495 3.3184 3.3715 3.4104 3.4466 .0220 
3.822 3.4439 3.4789 3.5014 3. 5197 .0137 
4.160 3.4936 3.5238 3.5272 .0042 
State B2u(2) 
_40 
-20 (dEda)a=O 
-
"' 
'2. 230 3.8606 3.8276 3.7573 -.0072 
2.663 3.7692 3.8040 3.7954 3.7565 3.7110 -.0134 
2. 829 3.7573 3.7694 3.7502 3.7167 3.6844 -.0145 
3.162 3.6957 3.6751 3.6523 3.6971 -.0167 
3.495 3.6385 3.6253 3.6151 3.60 5 -.0058 
3.822 3.6114 3.6115 3. 6162 3.6273 .0011 
4.160 3.6238 3.6816 3.7068 . 0104 
--
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-2" (dE/da)a=O 
2. 230 2.0955 2.7154 .3100 
2.663 1.2649 2.2067 3.5467 3.9687 .3340 
2.829 2.1370 2.9637 3.5972 4.0490 4.3800 .2688 
3.162 4.4394 4.6689 5.1839 .1434 
3.495 4.3944 4.6721 4.9273 4.9755 .0609 
3.822 4.9255 5.0082 5.0232 .0207 
4.160 4.9776 4.9776 5.0326 5.0382 .0076 
State B3u(2) 
R(i) _40 -20 (dE/da)a=O 
2.230 2. 9 369 3.5630 .3130 
2.663 2.1045 2.9706 4. 2'+39 4.6501 .3186 
2.829 2.9222 3.6855 4.2931 4.7456 5.0856 .2632 
3.162 5.4907 5.7141 .1117 
3.495 5.1842 5.5229 5.9535 6.0700 .1066 
3.822 5.9665 6.1794 6 . 2156 .0 532 
4.160 6.0963 6.2434 6.2542 .0197 
State B3u(3) 
R(R) _40 -20 oo 20 40 (dE/da) 
a=O 
2.230 3~4049 3.9848 .2900 
2.663 2.6263 3 . 4700 4.6872 5.0370 .3053 
2.829 3.4386 4.1735 4 . 9626 5 .1476 5.4073 .2427 
3.162 5.7679 6 . 0689 .1505 
3 .495 5 . 5981 5 . 8387 6 . 1009 6.1628 . 0638 
3.822 6.1387 6.2752 6 . 3259 .0341 
4.160 6 .2346 6.3937 6 . 4221 .0234 
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_40 
-20 
2.230 3.7195 4.2063 .2434 
2.663 3.2355 3 . 9291 5 . 6444 5.2679 .4870 
2.829 3.9290 4 . 5186 5. 3301 5.6552 .1986 
3.162 5.9857 6 . 1822 .0983 
3.495 5.7374 6.0072 6.3774 6.4885 .0921 
3.822 6.3770 6.5672 6.6227 .0476 
4.160 6.4880 6.6721 6.7188 . 0289 
Ii 
I 
:, 
II 
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sites being equal. However, as the free molecule limit is approached by 
separating the monomer units, the molecular orbitals should show a continu-
ous decrease in the contribution due to atomic o~bitals on sites on one 
monomer unit and increase in contributions from atomic orbitals on sites on 
the other monomer unit . This effect within the present method of setting 
up orbitals with the full symmetry of the dimer, and the iteration does 
not converge in the large R limit. 
As the separation is decreased to approximately 2.5 i, the effects 
of sigma bond formation between monomer units are not compensated for in 
the pi-electron treatment . No changes by hybridization can be made com-
patibly with the orthogonality required to simplify the calculations, and 
at very small distances of separation the method fails. This is the reason 
why the data points for smaller separations with negative angles of dis-
tortion and for large separations with positive angles of distortion are 
missing from the tables . 
The variation in the excitation energies with distortion angle and 
distances of intermolecular separation can be followed for the dipole-
allowed transitions by tracing the magnitudes of the oscillator strengths; 
however it is not possible to follow those for the forbidden transitions 
which all show zero oscillator strengths and are thus indistinguishable . 
The excitqtion energies shown in Table 4.2 vary over a range of 
about l ev for a fixed separation Ras the molecule bends. These changes 
could have two possible origins. Firstly the breakdown in the intramole c-
ular conjugation systems and/or the decrease in the magnitude of the intra-
molecular coupling forces caused by a decrease in overlap as the carbon 
sites are bent further apart. If the first possibility were chiefly 
responsible for the observed variations, the same effect would be observed 
if the free molecule were bent to the same nonplanar configuration . To 
test this as the main factor in the energy shift , a similar SCF calculation 
was made on the free molecule for various small angles of distortion . Only 
those interaction terms that correspond to nearest neighbor atoms were 
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j ,,,~hided ; they were numerically evaluated using the semi-empirical value of 
- /.371 eV for the resonance integral. 
To fully account for the nonplanarity the resonance integral was 
::,..; , led as: 
= (-2.37leV) COS 2 a 4.3 
\-tl,,;re a is the angle of distortion. 
Since a is a small angle, cos 2a is approximately equal to one. Thus 
·1,,.! excitation energy should not be expected to vary greatly. The resulting 
r·t.msi tion energies and oscillator strengths for the monomer are shown in 
T, ,ble 4. 3 When the monomer is distorted from nonplanari ty, the symmetry is 
n cluced from D2h to c2v and the out-of-plane transition becomes dipole 
wllowed . However, as shown in Table 4.3, the excitation energies associ-
d with these states are too high to account for the excimer transitions. 
These results support the conclusion that the breakdown in intramolecular 
conjugation or other intramolecular effects are not the primary sources of 
1 lie variations in excimer transition energies observed when the excimer is 
di ~· torted from planarity . Thus the variations in the dimer transition 
11 rgies must be due to the variation in intermolecular forces as the 
•
1 'p rations between corresponding carbon sites changes on bending. 
Figure 4.3a,b illustrates state energies for fixed internuclear 
parations , R of 'Figure 4.2, of 2.829 i and 3.495 i respectively between 
1 oms 9A and 9B and between lOA and lOB and varying other internuclear 
:l'P rations by bending the molecule by angle a . As would be expected 
th se figures indicate that the bending motion has a much greater effect 
it small R than at large R. The variation in excitation energy is observed 
be non-linear with angle of distortion . Both of these figures show the 
' \llle relative patterns of energy change for the various states. More 
~- ·1 licitly, the lower energy components of the B2u and B3u transitions are 
~· t, ilized as the molecule is bent closer together while the higher energy 
onent is raised in energy. This is the same trend as is observed when 
t~ two monomer units are brought closer together while r etaining the 
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Table 4.3 Monomer State Energies (eV) As Perturbed By 
Distortion From Non-Planarity 
a.(degrees) 
B2 (short axis 
polarized) 
B. (Long axis 
l 
polarized) 
A1 (Intermolecular 
polarized axis) 
3.4551 
5.5251 
3.6773 
5.0508 
5.0401 
3.4543 
5.5243 
3.6769 
5.0494 
5.0397 
3.4543 
5.5244 
3.6770 
5.0479 
5.0400 
go 
3.4532 
5.5234 
3.6766 
5.0454 
5.0396 
II 
I 
I 
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sandwich configuration, as was shown in Chapter Three. These results indi-
cate that the shift of the spectral bands to lower energies in the excimer 
could be explained using either the sandwich configuration or slight 
distortions from it. The fact that the splitting trends for the state 
energies are retained with this perturbation on the geometrical arrangement 
of the atoms further supports the validity of the approximations required 
to do the calculations within the framework of a pi-electron treatment. 
One of the more prominent features that can be observed for the 
bending of the sandwich excimer is the energy shift for the B1u polarized 
transitions. These transitions have negligible oscillator strength in the 
planar configuration on account of the symmetry of the molecule but become 
more intense as the molecule is distorted. The results of Chapter Three 
indicate that the excimer transitions could only be explained for inter-
nuclear separations of approximately 3.0 R through use of a dipole for-
bidden transition. Another explanation for the excimer transition arises 
with distortion of the molecule and is best seen in Figure 4.3a . One 
observes that all the lower energy Blu transitions are appreciably stabil-
ized such that their lowest component is in the same ener~J range as the 
B2u states. This suggests that the excimer transition could originate from 
these dipole allowed transitions and be polarized along the direction 
normal to the original anthracene planes although such a transition would 
be expected to be weak. This explanation might account for the excimer 
spectral bands, it should be noted that it would involve a negative angle 
of distortion and thus cannot be viewed as indicative of an intermediate 
in the formation of dianthracene which has a large positive distortion 
angle. Within the limits of the present small distortion calculation it 
would appear that as the dianthracene limit is approached the B1u states 
would all show an increase in energy, and their significance would decreas~ 
The rate of change of transition energy per unit change in angle 
of distortion was calculated for fixed distances of separation between 
atoms 9A and 9B. This derivative, aE cla , at a= 0 was evaluated as the 
r-
I 
I 
II 
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coefficient of the linear term of an n-1 degree polynomial fit ton data 
points. These results are shown in Table 4 . 2 and schematically repre-
sented in Figure 4 . 4 . Thus calculation indicates that th2 lower energy 
components of the B2u and B3u transitions are stabilized as the benzene-
like rings are brought closer together while the higher energy components 
are destabilized as indicated by positive and negative slopes respectively. 
These two types of transitions correspond to excitation polarized in the 
plane of the molecule while the third type of excitation, Blu' is 
polarized perpendicular to the molecular axis. 
The lowest transition in the molecule has B2u + Ag symmetry and 
Figure 4.4a indicates that the lower energy component is stabilized about 
three times as much as the higher component is destabilized. As the 
separation R decreases this effect reaches a maximum and begins to de-
cline. The B1u ( Figure 4.4c) state energies follow the then same 
pattern; although all the states of this symmetry are stabilized by 
approximately the same amount, the effect begins to fall-off as the 
separation decreases . This effect could be due to the inability of a 
pi-electron calculation to dxplain adequately the state energies but it is 
felt that this is not wholly the case since the h igher energy components 
of the B3u (Figure 4.Ltb) polarized transitions are destabilized three 
times more than the lower components are stabilized and this trend is 
steady , with no apparent minimum or maximum . 
In conclusion one should perhaps again stress that the chief purpose 
of the distorted dimer c2lculation was not to es ablish another means of 
explaining the experimental observations but was to gain some insight into 
the forces operative on formation of dianthracene . 
4.3 Summary 
The objective of this work was to investigate theoretically the 
electronic origin of the anthracene excimer transitions . Limitations in 
previous exciton calculations and molecular orbital calculations have to 
some extent been overcome by extension of both of these 2pproach8s . The 
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first of these involved a coupling of both ch~ge r esonance and neutral 
exciton states as described in Chapter Two. The formalism used by Murrell 
and Tanaka5 was extended to include effects of B3u (
11t) transitions which 
Ferguson suggests may help explain some experimental aspects such as life-
times. This extension incorporated additional overlap effects with an 
eight-electron Slater determinant representation for eigenfunctions whi le 
retaining the sandwich geometry. Although the excimer transition can be 
energetically fitted by either charge resonance or neutral exciton treat-
ments, neither alone can adequately explain the origin of this transition. 
The coupling terms for the charge resonance and exciton configurations are 
large in magnitude and as shown in Figure 2.3 a configuration interaction 
results in appreciable splitting, A , between the final states of the 
excimer. The spectra can be fitted by this method only at intermolecular 
separations of the order of 2.4 i , a valve which is physically unrealistic . 
Within the framework of the exciton method two alternative means for 
reducing the 3°pli tting , A , exist . The first as used by Murrell and 
Tanaka scales the intermolecular coupling terms, H , by the ratio of 
µAv B 
(M2obs/M2calc ) where M is the transition moment of the excitation. Such 
scaling reduces the magnitude of the coupling term and allows two alter-
native explanations for the excimer bands. The first assumes the lowest 
lying state is responsible, and, as concluded by Murrell and Tanaka, 
implies 1 L parentage. 
a 
The principal consequence of inclusion of 11t 
1 
and Bb monomer states is a stabilization which lowers all transition 
energies. Therefore to fit the excimer transition energy of approximately 
0 2 .7eV an inter~olecular separation of 3.4 A is required as contrasted to 
the 3.0 i prediction of the Murrell and Tanaka calculation. With scaling 
0 
an alternative explanation assumes an intermolecular separation of 3.1 A 
similar to those for naphthalene, pyrene , and perylene and fits the 
transition energy to the second lowest state of 11t parentage with the 
lower lying 11 state approximately one eV below the state responsible 
a 
for the observed transition 
i 
II, 
... 
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The second means for reduci?g the splitting of excimer states involves 
consideration of appropriate numerical values for the effective nuclear 
charge , Z , used in evaluation of intermolecular resonance terms. The 
5 present work follows that of Murrell and Tanaka in the choice Z = 2.8 
which numerically reproduces SCF values for internuclear overlap for 
separations greater than carbon-carbon bond lengths better than the usual 
choice of Z = 3 . 18 . Thus there exists an inconsistency in evaluating 
intra-and intermolecular terms which could be resolved by using a common 
Z value . Use of Z = 3. 18 for intermolecular terms would reduce overlap 
and consequently produce smaller perturbations on the transition energies 
of the excimer . This possibility has not bee., thoroughly investigated in 
this work but is supported by other workers. 
The molecular orbital approach to the anthracene excimer discussed 
in Chapter Three treats it as one "supermolecule" rather than two coupled 
monomers . Justification for such an approach is based on the fact that the 
monomer units are likely to be separated in the excimer by a distance for 
which intermolecular overlap is highly significant. The PPP me·thod is used 
thereby attributing the origin of the excimer states solely to inter-
actions between the pi electrons. The range of validity for this calcu-
lation is restricted to intermolecular separations between 2.6 i and 4.1 i 
because of implications associated with the magnitude of the overlap. 
Chandra and Lim8 using Huckel formalism a~d considering only those states of 
B2u monomer origin conclude that molecular orbitals used to des.cribe the 
. . 
monomer origin 
were split upon excimer formation into two compo-
nent~ , one symmetric with respect to inversion, and the other antisymmetric. 
Two resulting excitation energies were in the range of the excimer spectra. 
One transition , designated o , was dipole allowed and polarized in the same 
direction as the lowest energy monomer band, but was dismissed since it 
required an internuclear separation between monomer units of only 2.3 R 
to fit the observed transition. However, by assigning the observed 
L 
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fluorescence to a B3g transition (a) a separation of 3.0 i was obtained . 
Use of this forbidden transition was explained via a small distortion from 
planarity reducing the effective syrrunetry . 
The molecular orbital calculations discussed in Chapter Three extended 
the basis set of orbitals and used the PPP formalism to include electron 
repulsion terms implicitly in the Hamiltonian operator. As shown in 
Figure 3.5 these electron repulsion terms have a destabilizing effect on 
the transition energies. The results of these more corr.plete treatment were 
formally similar to those of Chandra and Lim with the lowest excitation 
state the dipole allowed B2u state and a slightly higher energy B3u state. 
Comparison of the conclusions for the " superrnolecule" molecular orbital 
method with the exciton method favors assignment af the excimer transtion 
1 
to 1n(B3u) monomer origin, long axis polarization , and an internuclear 
separation of 3.0 i. Associated with this band is a small oscillator 
strength which is indicative of the long lifetime that is experimentally 
observed. 
After hearing of the preliminary results of the present work, Pro-
fessor E. C. Lim reinvesti gated the anthracene excimer spectrum with the 
objective of establishing experi entally the polarization of the 20,000 
cm-l transition. His preliminary results using a photon selection 
technique and irradiation by polarized li ght are indicative of oriented 
sandwich dimers in the crystal and a short axis polarized transition. 
This implies 11 parentage for the excimer band. This result is not in 
a 
agreement with the conclusion reached above . A possible explanation for a 
11 band is suggested within the "supermolecule" formalism . This method a 
when applied to the planar sandwich dimers failed to predict the excimer 
spectrum except for unrealistically small (2.3 i) separations between 
monomer units. The experimental si uation cannot however be said to be 
resolved, and further work will be required before the performance of the 
various theoretical approaches can be assessed properly. 
11 
II 
It 
121 
. Although perfect hexagonal geometry for carbon rings was retained 
for the calculations presented in Chapter Four the molecule was allowed to 
distort from planarity . The rate of change of excitation energy per degree 
distortion evaluated at the sandwich configuration for the B2u polarized 
transition indicates a strong destabilization going from a negative to 
positive distortion . Actual distortions were restricted to angles less 
than or equal to four degrees in order to allow reasonable confidence in 
use of the PPP method . As shown in Figure 4.3 the experimentally deter-
mined energy for the anthracene excimer can be fit to a B2u (short axis) 
polarized state assuming an internuclear separation of 2.83 i and a 
distortion of - 2° from planarity . A distortion of -3° permits the 
experimental transition energy to be fit for a separation of approximately 
3 . 0 A . If this explanation for the observed spectra is to be considered 
seriously , attention should also be drawn to the marked shift in Blu 
(normal polarized ) transitions . These states are stabilized an order of 
magnitude more than are the B2u states for similar negative distortions. 
As shown in Figure 4 . 3 such B1u states at reasonable internuclear 
separations also occur at energies consistent with the observed spectra. 
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